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The work presented in this thesis falls into four parts. In 
Chapter 1 results are presented for the detritiation of a number 
of substituted 2 — (t 3H ] — acetyl) thiophenes • These show that 
when a carboxyl group is present adjacent to the ionising acetyl 
group intramolecular catalysis makes an important contribution'to 
the overall rate although the effective m o l a r i t y  is no hi g h e r  
than the other base catalysed proton transfers p r e v i o u s l y  
reported in the literature.
Proton transfer reactions involving the ionisation of carbon 
acids have usually been studied in aqueous conditions. In 
Chapter 2 the development of a detritiation procedure for non-  
aqueous conditions is reported and the method used to establish 
an order of basicity for a large number of amines in d i m e t h y l  
sulphoxide.
The following chapter extends the investigation carried out 
in Chapter 2 to a range of other solvents. The results show a 
m a r k e d  s i m i l a r i t y  in r e l a t i v e  r a t e s  for d e t r i t i a t i o n  of 
a c e t o p h e n o n e  as c a t a l y s e d  by a n u m b e r  of a m i n e s  in t h e s e  
solvents.
The ability of enzymes to catalyse many reactions under very 
mild conditions has prompted chemists to investigate whether they 
can design molecules that are just as effective. In the last 
chapter a p r e l iminary investigation has been made to see h o w  
amines, when they are part of a macromolecular framework, perform 
as catalysts.
(ii)
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1.1. INTRODUCTION
The study of acid-base catalysis is but part of the general 
area of c a t a l y s i s ,  w h i c h  c o v e r s  b o t h  h o m o g e n e o u s  and 
heterogeneous conditions. Because the abstraction of a proton 
from an acid represents one of the simplest of changes proton 
transfer reactions have been extensively studied. In most.of 
these reactions the abstraction is achieved using an external 
base e.g.
o v _ , ^ °
RC-H + ''C-R ----- —  RC + RC   (1.1)
Q' > 0  H
but w h e n  a s i m i l a r  g r oup e x i s t s  as part of the s u b s t r a t e  
framework there is the possibility of another kind of catalysis, 
which for obvious reasons is described as intramolecular:
/ CH2T
c
/
(1.2)
The importance of intramolecular catalysis comes from its 
relationship to enzyme catalysis. Enzymes catalyse reactions in 
aqueous solution near neutral pH at or near room temperature with 
the attainment of great velocities. Certain enzymes give rate 
enhancements by factors in the order of 10^  to 10*1^ compared  
with similar non-enzymatic reactions. 1 Because enzymes are 
complex molecules, the mechanistic interpretation of the kinetic 
data is frequently difficult. Therefore, extensive effort has
- 2 -
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different functional groups that an enzyme can use in the 
catalytic process is quite limited. They include the imidazole 
ring, aliphatic and phenolic hydroxyl, carboxyl, sulphydryl and 
amino groups. Therefore, extensive effort has been expended in 
recent years in studying model reactions. Thus, from studies of 
catalysis by relatively few functional groups in carefully 
selected reactions it may be possible to formulate general 
principles for enzyme catalysis.^
Rate accelerations have been obtained in several simple 
chemical reactions that are of similar magnitude to those 
observed in analogues enzyme catalysed reactions. The analysis 
of the various factors that govern such rate enhancements is now 
perhaps within reach^.
E n z y m e - c a t a l y s e d  r e a c t i o n s  p r o c e e d  a c c o r d i n g  to 
equation (1.3);
k-| k2
E + S - *~ ES    E + P ..................... ( 1.3)
k - 1
where E is the enzyme, S is the substrate and ES is the 
enzyme-substrate complex which then breaks down to products, P, 
and the free enzyme. In the enzyme-substrate complex, the 
substrate is bound close to appropriate functional groups.
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Hence, it is quite analogous to an intramolecular reaction.
Enzymes promote very fast reactions simply by bringing
together of reacting groups into the special conditions of the
enzyme substrate complex. The groups concerned are normally
unreactive. For example, in the enzyme Chymotrypsin the groups
4
involved are the serine and the imidazole ring.
A major part of the very large rate enhancements is simply 
due to the way the functional groups concerned are brought 
together. Therefore, it is of particular interest to study the 
same reactions in systems simple enough to understand in detail. 
Intramolecular reactions thus offer a versatile field of study.
Intermolecular reactions in water involving groups such as
carboxyl and imidazole (these are involved in the active sites of
m a n y  e n z y m e s )  are too s l o w  to d e t e c t  even u n d e r  v i g o r o u s
conditions. On the other hand, the corresponding intramolecular
3
p r o c e s s e s  can be o b s e r v e d  u n der quite m i l d  c o n d i t i o n s  • 
T h e r efore, it is quite r e a s o n a b l e  to s u p p o s e  that an 
u n d e r s t a n d i n g  of h o w  e f f i c i e n c y  d e p e n d s  on s t r u c t u r e  in 
intramolecular catalysis will shed some light on the related 
problems of enzyme catalysis.
The efficiency of an intramolecular reaction is usually 
defined in terms of the concentration of the bimolecular catalyst 
required to give a pseudo-first order rate constant of the 
magnitude observed in the corresponding intermolecular reaction
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proceeding by the same mechanism. It has units of molarity 
(s-1/m - 1g-1- m )# Therefore, for accurate effective molarity
determination two requirements need to be fulfilled. First, both 
the intermolecular and intramolecular reactions must have the
conditions must be employed to get acceptable rate measurements. 
However, measurements on the intermolecular reaction catalysed by 
a series of catalytic groups are necessary to define effective
The calculation of effective molarities is usually based on
the a c c u r a t e  m e a s u r e m e n t s  of the rate c o n s t a n t  for the
intramolecular reaction and the rate constant for the closest
equivalent intermolecular reaction under conditions which are as
similar as possible. However, especially when the effective
molarities are low, they have been calculated not from rate
3
c o n s t a n t s  but fr o m  p r o d u c t  ratios. U s i n g  v e r y  l o w  
concentration of the substrate, the intermolecular reaction in 
equation (1.4) can be minimized.
The ratio of the products is identical to the effective molarity 
as long as the bimolecular reaction is the most suitable model 
available for the intramolecular process.
A recent review by Kirby3 contains nearly 400 effective
s a m e  m e c h a n i s m .2 In a d d i t i o n  to that, the s a m e  r e a c t i o n
molarities accurately.^
H
3BrCH2CH2NH2 + 3HBr (1.4)
H H
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molarities. The range of effective molarities known is very 
large (from zero to 1016m ). such values depend critically on ring 
size, substituent, solvent and reaction type. No existing theory 
can rationalize these wide differences.
In a proton transfer process where an active CH group such 
as acetyl and a basic group such as carboxylate are suitably 
situated in the same molecule, the possibility of intramolecular 
basic catalysis arises. Intramolecular catalysed ionisation of 
carbonyl compounds in which the catalytic basic site is suitably 
p l a c e d  to a s s i s t  the i o n i s a t i o n  h a v e  b e e n  s t u d i e d .  
Intramolecular base catalysis has been demonstrated for;
7-10
1. Aliphatic or aromatic keto-carboxylate , compounds (1-3)
0
COCHtCH-J
COO COO
R= (Methyl or Phenyl) 
(1 ) (2) (3)
11,12
compounds (4) and (5)2 . Keto-dialkylamino
- 6 -
L .
/  CH,
A '
^ 5 5
0^2
CH,
n = (1 and 2 ) X (-u
• (4) (5) 3
13
3. The anion o-hydroxyacetophenone (6 )
^ / 0 CH3CC0-
(6 )
4. 4-Nitrovalerate ion (7)
CH3CH (N0 2 )CH2CH2CO2
(7)
5. The acetate-catalysed enolization of the unionized form (8 ).
C02 H 0
The efficiency of intramolecular base catalysis has been found to 
be a function of the distance between the catalytic group and the 
proton to be abstracted with n =2 in compound (4) and n = 3 in 
compound (1) which correspond to a cyclic transition state 
containing six atoms including the proton.
7 -
The effective molarities (C^) for the open chain compounds 
are smaller (<1M) than for rigid systems, Ci being 56M, 5M and 
14M for compounds (2), (3) and (6 ) respectively. As compared
with nucleophilic reactions, these effective molarities are 
relatively small. This was attributed to the stereoelectronic 
conditions of the proton transfer.
Intramolecular catalysis also occurs in the deprotonation 
(measured as iodination in 54? aqueous t-butyl alcohol) of 
4-nitrovalerate ion (7) which is 200 times faster than that of 
the unionized form.
The acetate-catalysed proton transfer of the unionized form
(8 ) is also accelerated by intramolecular catalysis. The 
catalytic constant is 22 times greater than that for the acetate- 
catalysed reaction of the corresponding methyl ester.
The observed high rate (> 1M-'Is-<') of proton transfer to 
hydroxide ion from (6 ) is an indication of intramolecular 
c a t a l y s i s  since the rate c o n s t a n t s  for the c o r r e s p o n d i n g  
p-substituted acetophenone is nearly 300 times slower.
An alternative view of intramolecularity supported by 
t h e o r e t i c a l  c a l c u l a t i o n s  s h o w e d  that an e x t r e m e l y  fast 
i n t r a m o l e c u l a r  p r o c e s s  is a s i m p l e  e n t r o p i c  s e q u e n c e  of 
covalently linking the relative entities.14 on the other hand, 
slow intramolecular reactions were attributed to the unusually 
’’loose” i.e. entropy rich transition state. However, such an
- 8 -
explanation seems to be not highly satisfactory because a "loose" 
transition state should be loose for both the intramolecular and 
its corresponding intermolecular reaction. Presumably it is the 
b r i n g i n g  t o g e t h e r  of r e a c t a n t s  f r o m  d i l u t e  s o l u t i o n  th a t  
overcomes part of the free energy of activation of reaction, and 
it w o u l d  be expected that such a concentration effect would be 
r e f l e c t e d  in the e n t r o p y  of a c t i v a t i o n .  T h i s  m e a n s  th a t  
intramolecular catalysis should have a more favourable entropy of 
activation than the corresponding intermolecular reaction. The 
difference between intramolecular and intermolecular catalysis 
has been determined for catalysis by the d i m e t h y l a m i n o  group. 
The results show that the enthalpies of activation of the 
intermolecular and intramolecular reactions are roughly constant, 
but that the entropies for the intramolecular catalysis are 
a pproximately 4-5 ca* deg* mol* more favourable than for the 
intermolecular reaction. This would be expected on the basis 
that intramolecular processes do not lose the trans l a t i o n a l  
degrees of freedom in going from the gound to transition state 
that the intermolecular catalysis do.1^
In certain cases the effective molarities could be used as a 
probe for reaction mechanism. The most striking result of 
hundreds of C^fs is the contrast between effective molarities for 
nucleophilic reactions (Ci b e t ween 104- 1 0 8M) and those for 
general acid-base catalysis ( C ^ S O M ) .  This has led K i r b y 3 to 
make the generalization that "If the Ci is greater than 80M the
0 0
II _
3
Or
Ci = 13M
(9)
0
Or
0
3
Ci=2.7 x 10?M 
(10)
mechanism is nucleophilic. If it is less than 80M the mechanism 
is almost certainly general acid or general base catalysis” .
There are many different techniques for measuring rates of
proton transfer r e a c t i o n s ^ ,  amongst which nuclear magnetic
resonance spectroscopy and halogenation methods have been subject
17
of considerable study. Nuclear magnetic resonance spectroscopy ' 
can be used to follow both hydrogen-deuterium and hydrogen-—
hydrogen exchange rates. Reactions with half-lives (t 1/2'-'m inutes) 
permit several nmr spectra to be obtained. In such a case the 
rate constants are determined from the measurement of rate of 
change of the integral amplitude of the protons in the reaction 
site, reference being made to a non-exchanging internal standard. 
Complications may arise from overlapping proton signals and the
10
as well as solvents whose spectra overlap with the resonances of 
the exchanging group(s) of the substrate. The deuterium-hydrogen 
exchange of [ 2-2h] - isobutyraldehyde has been studied in this 
way. The experimental error quoted is quite large, about 
±10?. .18
General basecatalysed halogenation19>20 0 f carbon acids 
often involves a rate determining proton transfer from carbon. 
The relevant reaction scheme is shown in equations (1.5) and 
(1.6),
slow
RH + B- ■- ? ' R- + BH+ .........    (1.5)
fast
R- + X2 ---- -  RX + X-  .................   . (1.6)
The rates have been found to be the same irrespective of the 
i d e n t i t y  of the s c a v e n g e r  ( b r o m i n e  or iodine) and its 
concentration (provided it is present in excess).
Bromination, which is the most common and versatile method 
of s t u d y i n g  p r o t o n  t r a n s f e r  r e a c t i o n s ,  u s u a l l y  p r o c e e d s  
quantitatively to products while iodination in aqueous media is 
frequently a reversible reaction going only partly to completion. 
The rates of such first-order reactions have been followed by 
titrating withdrawn samples of reaction mixture at fixed time 
intervals with sodium thiosulphate either directly or indirectly 
for bromination and iodination respectively. The first-order
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d i s a p p e a r a n c e  of h a l o g e n  h a s  b e e n  f o l l o w e d  b o t h  
potentiometrically 21 and spectrophotometrically 22 and 
appearance of the halide ion by conductance methods.23
The halogenation of ketones, with the classical example 
being the acetone-iodine reaction, was studied as early as 1904 
by Lapworth, and 1913 - 1930 by Dawson.19 Under the same 
reaction conditions of solvent, temperature, and catalyst an 
optically active ketone should have the identical rates of 
halogenation, racemisation and deuterium exchange. The equality 
of these rates has in fact been established by a number of 
instances.^
H o w e v e r ,  c o m p l i c a t i o n s  arise w h e n  m o r e  than m o n o ­
substitution takes place e.g. in the bromination of the carbon 
acids dinitromethane24 and n itroacetone21 2 and 3 moles of
bromine are taken up per mole of carbon acid respectively. This 
difficulty can be overcome when the rates of bromination of the 
parent compound and the protonated substrate differ w i d e l y . ^
Another method, namely, that of hydrogen isotope exchange 
has been the subject of considerable study. Over the past twenty 
years or so research into hydrogen-tritium has moved to the 
f r o n t . B e l l 4 7  has observed an increase of detritiation rate 
w i t h  b u f f e r  c o n c e n t r a t i o n  for 2 - c a r b o x y -  4 , 5 - d i m e t h y l  
acetophenone in pyridine buffers. The proportional increase was 
only about half that observed in iodination experiments. He 
suggested once more that the latter is not a reliable method for
- 12 -
measuring rates of proton transfer.
Tritium was discovered by Rutherford and co-workers in 1934.
26
It is a very weak p-em i t t e r  (E average = 5-7 keV) with a half- 
life, determined according to the nuclear reaction;
 ► ^He +     (1.7)
1
2712.36 years and a m a x i m u m  penetration in air of 6mm. In the 
upper atmosphere tritium is produced according to the following 
reaction;
14, 1 3„ ' 12„ / a  o\„N + n ------------ >- J i + ,c    ( 1 . 8 ;
7 0 T 6
Rain water is the main source of such naturally produced tritium.
The tritium content of rain water has risen sharply, more than
P Rthree fold since 1954 when thermonuclear weapons were tested. ° 
Artificially, tritium is produced by the bombardment of Lithium - 
6 (in the form of an alloy with magnesium2^ or aluminium^O) with 
neutrons:
^Li + jn  2He + ijH • ...............  (1.9)
Nowadays, tritium is readily available and the procedure of
introducing the isotope into chemical compounds are well 
32
d o c u m e n t a t e d *  As a tracer, t r i t i u m  has f o und e x t e n s i v e
- 13 -
pathways and mechanisms'*. The high specific activities that can 
27
be achieved^" permit bio-organic reactions to be followed with
compounds whose n o r m a l  p h y s i o c h e m i c a l  c o n c e n t r a t i o n s  are
extremely low and without significantly affecting the normal
metabolic process. The relatively low toxity of tritium allows
the use of larger amounts of radioactivity than in the case of
other isotopes. The s t a b i l i t y  of the l a b e l  u n d e r  the
experimental conditions was mainly investigated by kinetic
methods. Therefore, hydrogen-tritium is extremely useful in the
study of protontransfers since it can be detected atvery low
concentrations and undergoes negligible decay over the course of
normal experiments. Reactions with half-lives greater than
several hours are too slow to follow by conventional methods,
hence such reactions are normally followed by the "initial rate11 
3 4  3 3
technique * which involves, as the name suggests, sampling 
only the first few stages (<3%) of the reaction to be followed. 
For reactions with half-lives of the order of minutes or hours, 
more conventional techniques are employed. The use of tritium 
rather than deuterium has certain advantages e.g. since tritium 
can be detected so easily tracer quantities can be employed and 
no difficulties arise over lack of substrate solubility in water.
A general detritiation reaction can be represented as 
follows
k 1
 ^  k 2
RT + B ^  R- + TB+ ----- *- RH + HTO + B .  ........ ...(1.10)
H2O
k -1
Such a reaction-can be followed by measuring the decrease in the
14 -
radioactivity 01 water* ^a ^ruuuui/ v-»x i/uc cAunaiigv- ± v j.v*./» **
solution of 2,5-diphenyloxazole (abreviated as PPO) in toluene 
(3*4 grams per litre in concentration) was employed to count 
substances soluble in organic solvents while tritiated water was 
counted in commercially available dioxan based scintillator (NE 
250).37
Using trace amounts of the substrate and assuming that 
k2=<>k-i> the rate of the detritiation described by equation 
(1.10) will b e ,36
-d[RT]
■—  --------------  = k [RT]  (1.11)
dt
where k is the first-order rate constant. Considering the 
decrease in radioactivity of the substrate, RT, equation (1.11) 
can be written as:
-d f X ] = k0bs( x ]     ( 1 . 12 )
dt
Integration of equation (1.12) gives equation (1.13)>
[XI
m  i—  = kobs t   (1.13)
[ x ] t
where [ X]0 and [ X] t the radioactivity of substrate at t = o and t = t 
respectively. A plot of log [ X] t v- fc gives a straight line with 
a slope = -k/2 .303.
In the particular case of the detritiation reaction where
the radioactivity of the solvent is followed, [ x]  CC a , the
0 00
radioactivity of the solvent after complete exchange, and 
[ X] t OC (3.qq - the amount of tritium released from the
- 15 -
In ----22-- ---  s.- kQbSt ...... (1.14a)
a —  a*. *oo t
The initial rate method (IRM) is used to follow slow (t i> 10 
hours) kinetic runs.34,35 For a small fraction of reaction(< 
3?), equation (1.14a) reduces to equation (1.14b).
a.    (1.14b)
t — v t
  “ obs
aoo
Thus a plot of a^ . against t should give a straight line of slope
a k ,from which k pan be calculated.
00 obs obs
The majority of tritium exchange kinetic studies depend upon 
the radioactive assay methods. Compared with the Geiger-Muller 
or proportional counter method of counting, this technique is 
unique in that the size and shape of the detector is flexible and 
usually is defined by the container. The function of the liquid 
scintillator is to convert, as efficiently as possible the energy 
from nuclear decay into light with wavelengths that can be 
detected by a ph o t o m u l t i p l i e r  tube assembly. The solvent (an 
alkyl benzene such as toluene) absorbs the energy of the ionizing 
particles and transfers it to the solute. The w a v e l e n g t h  
distribution of the scintillation em i s s i o n  should be c l o s e l y  
matched to the response of the cathode of the p h o t o m u l t i p l i e r  
tube. If this is not the case, a secondary solute such as 1,4 — 
bis-(5-phenyl-oxazole-2-yl) benzene abbreviated as POPOP ca. 10"^ 
M in concentration, may be used to shift the s p e c t r u m  to m o r e  
favourable wavelengths. However, with water m i s c i b l e  s y s t e m s  
various scintillation "cocktails" containing dioxan such as NE 
250 are e m p l o y e d . 37 The light sensed by the m u l t i p l i e r  tube
-  16 -
generates electrical pulses which are coincidence, gated, 
discriminated and analysed by means of integrated electronic 
circuits and logic according to their timing and amplitude. The 
product is displayed and recorded as counts per minutes (CPM) or 
disintegrations per minutes (DPM). The period of counting for a 
given statistical deviation is given by:
( 100 \ i
t -  2---- [(  C ~ b f -1 ]2 ........   (1.15)
c
b
where c is the counting rate due to radioactive disintegration in 
the sample, b is the background rate, and t is the m i n i m u m  time 
required to determine c to a root mean square error x%. The 
efficiency of counting27 defined by equation (1.16) is lowered by 
processes interfering with the production of light
observed counts per minute
E f f i c i e n c y = .................................  (1.16)
disintegrations per minute
in the li q u i d  s c i n t i l l a n t  and the t r a n s m i s s i o n  to the 
p h o t o m u l t i p l i e r  tube of the counter. The d i f f i c u l t i e s  
occasionally encountered in practice, namely, colour quenching 
and chemical quenching,37 are not problems in kinetic work since 
the compounds contained in each sample are essentially the same 
and only the amount of tritium label varies. However, with great 
variation in radioactivity the counting efficiency must be 
checked. In the present work the internal standardization
- 17 -
method^? is used for determining efficiencies. The radioactivity 
in the sample is then calculated from equation (1.17),
Cg - Cs
Efficiency =  ;.....     (1.17)
E>s
where C s = counts recorded before addition of the internal 
standard and C's = counts recorded after addition of the internal 
standard and Ds - calculated disintegration rate of the internal 
standard.
In recent years another -technique has achieved prominence as 
an elegant tritium monitoring facility, namely, the technique of 
tritium nuclear magnetic resonance spectroscopy.38 The technique 
as developed in this Department has achieved a high degree of 
sophistication and hence made it possible to readily determine by 
a non-destructive method, the pattern of labeling in virtually 
any tritium labelled compound. The magnetic properties of 
tritium that make it preferred in the nmr spectroscopy as 
compared with other nuclei are:
(i) since the tritium nucleus has a high magnetogyric ratio, even 
higher than the proton itself, only reasonably small amounts of 
radioactivity (now less than a few mCi per site) are required for 
routine detection.
(ii) Unlike deuterium with a nuclear spin of unity, which leads 
to peak broadening, the tritium nucleus has a nuclear spin of
- 18 -
1/2 , giving rise to sharp signals which can be integrated 
accurately.
(iii) Since chemical shifts are mainly functions of the local 
chemical environment, which for a simple isotopic replacement is 
virtually unchanged, it follows that the chemical shifts of the 
tritons in a tritiated compound are effectively the same as the 
proton nmr spectrum of the corresponding non-tritiated compound 
measured under the same conditions. This fact means that the 
vast majority of the data available from the literature on proton 
chemical shifts can be applied to tritium nmr spectroscopy which 
is, indeed, a much better situation than that for J C nmr 
spectroscopy where no such huge data is available. The fact 
that the chemical shifts of tritium nuclei are the, same as those 
for hydrogen nuclei means also that there is no real need for an
internal tritiated reference standard i.e. the tritium nmr
s p e c t r u m  of the s a m p l e  is o b t a i n e d  u s i n g  o r d i n a r y  
tetramethylsilane (TMS) for organic solutions and sodium 4,4- 
dimethyl-4-silapentane-1-sulphonate (DSS) for aqueous solutions 
to provide the reference.
In acid-base reactions buffers are usually employed. As the 
hydroxide ion concentration does not change with increasing 
buffer concentration, therefore, it is the basic component of the
buffer which is catalysing the reaction. While the slope of the
plot of the observed rate constant against buffer concentration 
give the second-order rate constant for base catalysis, its 
intercept at zero buffer concentration represents the solvent
19 -
catalysed portion of the reaction.
This criterion,in fact, indicates the occurrence of base (or
acid) c a t a l y s i s  but it does not e s t a b l i s h  the m e c h a n i s m .
40 41,42
Bronsted plots and kinetic isotope effects- ' offer more
39
information about the structure of the transition state
In 1924, the first a t t e m p t  to c o r r e l a t e  the r a t e s  of 
chemical reactions with thermodynamic acidities was made by 
Bronsted and Pederson.^0 Such findings are now known as the 
Bronsted relationship which for a base catalysed reaction takes 
the form,
log k = log A G  + fl log Kb  .........   (1.18)
where G is a proportionality constant and f3 is the Bronsted 
exponent confined to values of o<f3<1. It is now generally 
recognised that all reactions which show general acid (or base) 
catalysis must conform to the Bronsted relationship, which is 
also used as a means of summarizing data, making predictions and 
probing reaction mechanisms. The efficiency of general base 
c a t a l y s i s  i n c r e a s e s  w i t h  i n c r e a s i n g  base s t r e n g t h  of the 
catalyst. The slope of a plot of log k against pKa of a series 
of catalysts is a measure of the sensitivity of the reaction to 
the strength of the base catalyst. The more similar in structure 
the catalysts are, the better the fit of the points to the line 
will be. Therefore, Bronsted exponents are best determined by
- 2o -
compounds* The latter often give an excellent fit to a single 
line over a large range of basicity.
For catalysis by oxygen bases e.g. the carboxylate ion, the 
Bronsted line can be extrapolated to fit the rate constant for 
the water catalysed reaction. However, the latter must be
expressed in units comparable to those of the other catalysts in 
order to make a valid comparison. The observed rate constant for 
the water catalysed reaction must be divided by 55.5M (the 
concentration of pure water). In order to account for such a 
concentration factor, the pKa 0f the solvated proton is taken as
- 1.74 instead of 0 and the pKa of the acidic dissociation of
o . .
water to hydroxide ion at 25 C is taken as 15*74 instead of 14.
Bronsted plots may be generated by varying the catalyst or
the reaction medium. It has been the subject of extensive study
6
particularly by Bell • A systematic variation of Bronsted 
exponent has been observed by carbonyl compounds with bases, the 
exponent in this system was found to vary from 0.4 at logKa=5 to
0.9 at logKa = -20. Such studies reflect the higher sensitivity 
of H to change in the substrate than in the catalyst. Applying 
the Leffler principle , namely a substituent change in one of the 
reactants will change the free energy of reactants and the free 
energy of the products, leads to a definition of as a ratio of 
the substituent effect on the free energy of activation to the 
free energy of activation to the substituent effect upon the 
standard free energy change of the reaction.
- 21 -
The extent of proton (or tritium) transfer in the transition 
state may be represented by z, the order of the bond being f o r m e d  
between the base catalyst and the transferring proton if this 
measures the extent of proton transfer so that,
S^AG* = z SflAG0 _______    (1.19)
where S r A g *  is the substituent effect on the free energy of 
activation and SrAG0 is the substituent effect on the free energy 
of reaction. Since AG* a n d A g 0 have the same initial lim i t  and 
since z must be less than unity it follows that a s u b stituent 
c h a n g e  in the c a t a l y s t  m u s t  a l t e r  the free e n e r g y  of the 
transition state by an amount intermediate between its effects on 
the free energies of initial and final state. A c o m p a r i s o n  of 
results for systems in which Bronsted exponents and bond order 
from secondary isotope effect studies show no real difference.1^  
This proves then that the degree of proton (tritium) transfer 
should be low, with ft g e n e r a l l y . less than 0.5 in reactant like 
transition states, and that it should be high with ft g e n e r a l l y  
greater than 0.5, in the product like transition states. A value 
of 0.5 corresponds to a symmetrical ’ transition state.
Deviations from B r o n s t e d  e q u a t i o n 1^  mean that d i f f e r e n t  
effects which influence the free energies of act i v a t i o n  and 
e quilibrium do not do so by the same p r o p o r tionality factor. 
Large deviations of certain classes of catalysts from a Bronsted 
line which is established for a different class may occur. In
22 -
fact, deviations from such a relationship become much more 
familiar with the development of fast reaction techniques. 9
Considering a series of catalysts with similar structure, 
then the deviation of the points to the Bronsted line could be 
used as a measure of the extra catalytic activities of the 
individual catalysts concerned. Hine55 has pointed out that the 
catalytic activity of Me 2N(CH2)3NH3+ was seven times what would 
be required for it to fall on the Bronsted line for the diamine 
series Me2N(CH2)nNH3+ where n = 2,4 and 5.
The tritium-hydrogen isotope method has been applied to 
carbon acids such as phenylacetylene by Long et al36 w ho gave a 
full kinetic analysis of the situation, showing that tritium 
could either be in the solvent initially or in the substrate
i.e.,
k 1
0 6 %  C 5 CH + 0H“ »» C6H5 C=C“ + H20  (1.20)
k -1
k2
C6H5C=C“ + ST -Si —  C6H5CSCT + S' ....................(1.21)
k-2
fast
S ”+H20 ---   SH + OH" ....   (1.22)
- 23 -
C6H5 C3CT+ H20 f;astr- r .^ r= r.w  +■ OH" (1.24)
where S is a solvent molecule. The conclusions in both 
cases were identical. Phenylacetylene is a typical weak carbon 
acid with a pKa o f ap p r o x i m a t e l y  twenty. It exhibits g e n eral 
base catal y s i s 1*1* with a catalytic coefficient of 0.99 ± 0.05
(determined from a series of primary amines). Such a technique 
was also used to study the detritiation of c h l o r o f o r m ^  (a carbon 
ac i d  of p K a = 24.1). It e x h i b i t s  s i m i l a r  p r o p e r t i e s  to 
phenylacetylene showing general base catalysis with a f3 value of 
1.12 t; 0.05. Such behaviour has been attributed to the lack of 
charge delocalization in the carbanion intermediate, a factor to 
which normal carbon acids owe their stability.
The detritiation method has also been used to d e t e r m i n e
whether the behaviour observed for 1,4-dicyano-2-butene (pKa =20— 
21)16 ^3 typical for proton transfer from carbon activated with 
oc-cyano g r o u p s .  ^ 6 It h a s  b e e n  d e m o n s t r a t e d  t h a t  its 
detritiation, exhibited general base catalysis and isotope 
effects consistent with a proton transfer rate determining step 
where the proton (triton) is almost completely transferred to the 
base catalyst, have been determined.
o’I n t r a m o l e c u l a r  c a t a l y s i s  in s o m e  c a r b o x y  - a na z- 
hydroxyacetophenones has been studied by Bell and c o - w o r k e r s  
using the detritiation m e t h o d * * ^ T h e y  found that the 
efficiency of the intramolecular process is considerably affected 
by substituents, with the major effect being steric in origin.*
The detritiation technique has been extensively employed by
Jones and c o - w o r k e r s ^  to study the various aspects of the
49
ionisation of carbon acids. One of the latest of such studies 
shows that the reaction constant for the detritiation of 4-and 5 
substituted 2-acetylthiophenes is higher (y° = 1.61) than the 
corresponding meta. and para-substituted acetophenones 1.03)- 
Such a behaviour reflects the greater sensitivity of substituent 
effects in the former series of compounds as c o m p a r e d  w i t h  
acetophenones.
Over the past two decades or so intramolecular catalysed 
ionisation of carbonyl compounds in which a catalytic basic site 
is suitably placed to assist the ionisation has been extensively 
studied. In fact, previous work has been concerned with six- 
m e m b e r e d  systems such as aromatic keto-c a r b o x y l a t e s ^ ^  and o-
hO
hydroxyacetophenone • It is very likely that the effectiveness 
of i n t r a m o l e c u l a r  c a t a l y s i s  w i l l  be m u c h  i n f l u e n c e d  by 
geome t r i c a l  factors and it is for this reason that it was 
proposed to investigate intramolecular catalysis in compounds of 
the kind;
- 25 -
H
0
(9)
Quantitative data have been accumulated on the reactivity of the 
OC-substituted thiophenes as compared with the corresponding m o n o -  
substitutions. Comparatively few results are available for the 
reactivity of the f3-isomer because of the difficulty of detecting 
very small amounts of f3 -isomers in the reaction m i x t u r e ^ *
There is a variety of reasons why thiophene derivatives are 
interesting to the chemist. Thiophene, with its e l e c t r o n  
aromaticity, is electronically similar to benzene (as w e l l  as 
f u r a n  and pyrrole). As a r e s u l t  t h i o p h e n e  a n a l o g u e s  of 
biologically active benzene derivatives may well exhibit similar 
activities^. At the same time the presence of a heteroatom or 
the lower resonance energy in thiophene, may alter its metabolic 
fate, thus thiophene derivatives may have less toxic e f fects^*
Considering structure-reactivity relationships of thiophene 
derivatives, many examples exist in the literature where various 
electron donating or withdrawing substituents on the benzene ring 
system are required to m a x i m i z e  activity. Since t h i o p h e n e  
behaves as an electron-rich aromatic system, it may be superior 
to substituted benzenes in certain cases.
Thiophene derivatives in general are more toxic than their
O O C ^ / i - ^ o
. Q
(10)
- 26 -
benzene counterparts and less active. On the other hand the 3 — 
thiophene derivatives tend to be more active than the 2 - 
isomers. The difficulty of producing 3-substituted t hiophenes 
has frequently prevented the formation of various isomers for 
direct comparison.^*
U n l i k e  the b e n z e n e  ring, w h e r e  the six p o s i t i o n s  a re 
equivalent, the carbon atoms in the thiophene are no longer 
identical, two positions oc and (3 can be identified. In general 
the 0( - p o s i t i o n  is the p r e f e r r e d  p o i n t  of a t t a c k  in m o n o ­
substitution although some fl-isomer is usually also formed. 
Consequently, the 3 3  - disubstituted thiophenes are expected to 
be similar to any two adjacent positions in the benzene ring with 
the same substituents. Therefore, the two thiophenes (9) and
(10) might behave differently. This chapter deals with the 
results obtained for the first of these compounds.
1.2. EXPERIMENTAL
1.2.1.MATERIALS
Freshly boiled out deionized distilled water and "Analar" 
grade reagents were used throughout the work. When reagents of 
lesser purity were available they were purified by s t a ndard 
techniques.
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of freshly boiled out deionized water (50 ml) to sodium hydroxide 
pellets (40 g) in a round b ottom flask. Most of the solid was 
dissolved and the solution left overnight. The s a t u r a t e d  
solution was then pipetted off, diluted with freshly boiled out 
deionized water and stored in a dispenser connected to a soda 
limet guard tube so as to keep the solution free of a m o s p h e r i c  
C0 2 * The resulting solution was standardized using p o t a s s i u m  
hydrogen phthalate ■ with phenolphthalein as indicator.
Acetate, formate, tartrate and isobutyrate buffers of 
different composition were prepared by diluting the corresponding 
accurately weighed amounts of acids and salts with freshly 
deionized boiled out water.
The compounds 3-iodo, 3-thiomethyl and 3-carboxy - 2- 
acetylthiophenes were prepared and given to us by Prof.D. 
Spinelli (University of Bologna, Italy).
The procedure for preparing the tritiated compounds was as 
follows; after recording the nuclear magnetic resonance spectrum 
of the compound under investigation, some 50 mg of substrate was 
dissolved in a small volume (2-3 ml) of dioxan, a pellet of 
sodium hydroxide added followed by 5L|1 of tritiated w a t e r  (50 
Ci/ml supplied by Amersh’am International) and the mixture kept in 
a sealed tube for up to 48 hours, at room temperature. The 
solution was then withdrawn and injected into a separating flask 
containing 200 ml of water and 15 ml of chloroform. The organic
30 -
TABLE 1.1.
THE DETRITIATION OF 3-IODO-2-|[3h J-ACETYL) THIOPHENE IN 
(0.04371 M) AQUEOUS SODIUM HYDROXIDE SOLUTION AT 25°C
(CONVENTIONAL METHOD)
SAMPLE SAMPLING TIME (min) Ct(CPM) LOG Cf
1 0 574900 5.760
2 4 493700 5.695
3 8 426580 5.630
4 12 363080 5.560
5 16 316700 5.500
6 20 276700 5.440
7 24 240500 5.381
8 28 207000 5.315
9 32 176700 5.245
10 36 147700 5.171
^Experimental = ^4384 M
[OH"]Theoretical = °-04358 M 
[°H_]Mean = 0.04371 M
The plot of log kT versus time gives a straight line of slope=-Q-0l625 
so that
kT = 6.237 x 10-^ s-1
and
kTg = 1.427 x 10"2 M “ 1s" 1
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layer was separated off, dried using anhydrous sodium sulphate 
and the chloroform itself gently removed by passing a stream of 
nitrogen (for liquid substrates) or by freeze drying (for solid 
compounds). In case of substrates containing labile tritium e.g. 
3-carboxy-2([ fj-acetyl) thiophene, the labile tritium was washed 
carefully with small amounts of water until there is no sign of 
radioactivity in the separated water. The product was then taken
up in deuterated dimethyl sulphoxide (dg-DMSO) and both the 
proton and tritium nmr spectra recorded. The resulting spectra 
for 3-Iodo-2-([^H]-acetyl) thiophene are shown in Figure 1.1 . The 
single signal showing that the label has been incorporated into 
the acetyl group.
1.2.2. KINETICS OF DETRITIATION
The rates of detritiation were determined using both the 
c o n v e n t i o n a l  and i n i t i a l  rate methods. A B e c k m a n  LS 100 
scintillation counter was used for counting the tritiated 
samples. A s o l u t i o n  of PPO in t o l u e n e  was e m p l o y e d  for 
substances soluble in’ the organic solvent while tritiated water 
was c o u n t e d  in a c o m m e r c i a l l y  a v a i l a b l e  d i o x a n  b a s e d  
scintillator, NE 250 which was capable of accepting 20$ v/v of 
water.
Conventional Method of Following the Detritiation
About 5Ljl of the tritiated substrate solution was dissolved 
in a solution of the desired base (approximate volume = 25 ml),
33 -
THE DETRITIATION OF 3-IODO-[3HJ-ACETYL THIOPHENE 
IN -0.500M SODIUM ACETATE BUFFER AT 50.0OC 
(INITIAL RATE METHOD)
BUFFER RATIO r = .QHA}. /£m] = 1 . 0
SAMPLE SAMPLE TIME (hr) COUNTS PER MINUTE Ct
1 0 0
2 1 4330
3 2 10380
4 3 15600
5 4 22230
6 5 26590
7 6 31110
8 7 36380
9 8 41000
10 9 46010
Coo 1
C co 2 
Cco 3
Coo Mean
= 1270650 
= 1267450 
= 1282900 
= 1266890
The slope of C^ . versus time plot gives a straight line of slope
= 1.4361 s " 1
so that
kT = 1.13 x 10-6s“ 1
and
kTB = 2.26 x 10"6 M _1s~1
- 34 -
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which had been thermostatted in water bath at the required 
temperature (50 t  0.1OC) for at least thirty minutes. S a m p l e s  
(2ml) of the reaction mixture were w i t h d r a w n  at different time  
intervals. The tritiated compound was separated by first of all 
injecting the sample into tubes containing scintillator (5 ml) 
and water (5 ml). After shaking'and a l l o w i n g  to settle mo s t  of 
the layer was removed and dried over anhydrous sodium sulphate. 
Samples ( 5  ml) were taken and then counted for tritium. For 
kinetic runs where sodium hydroxide was used as a base, both 
experimental [ O H — ] (determined by titration with standard 
potassium hydrogen phthalate ‘ and theoritical [ 0H-] (calculated 
concentration by dilution of the stock solution) were determined. 
These usually agreed within ± 2 % . A typical set of results 
obtained for the detritiation of 3-iodo-2-([3H}-acetyl) thiophene in 
0.04371 M -aqueous sodium hydroxide at 25.0OC is given in Table
1.1. and plotted in Figure 1.2. .
Initial Rate Method of Following The Detritiation
Kinetic runs with half-lives greater than six hours were too 
slow to follow conveniently using the conventional m e t h o d  
outlined above, and so an initial rate technique was used. In a 
typical run a small quantity (10<Jl) of the labelled compound was 
first dissolved in the thermostated reaction m e d i u m  (25 ml) so 
that it gives a final radioactivity of 1-2x 106 CPM. Aliquots (1 
ml) of the reaction mixture were withdrawn and pipetted off into 
test tubes each containing 5 ml of water and 10 ml of toluene. 
After careful extraction, 0.5 ml of the aqueous layer were added 
to 4 ml of NE 250 liquid scintillator (Nuclear I n t e rprises
-  36 -
TABLE 1.3>
COMPARISON OF SOME kT VALUES OBTAINED IN THIS 
WORK WITH PREVIOUS WORK UNDERTAKEN BY J R JONES UNDER 
SIMILAR EXPERIMENTAL CONDITIONS
103kT (M“ 1s~1) at 25°C
SUBSTRATE THIS WORK PREVIOUS WORK
1 ACETOPHENONE 5.5 ± 0.099 5.4
2 ACETYLTHIOPHENE 5.21 ± 0.04 5.04 ± 0.09
3 5-CHLORO-2-ACETYLTHIOPHENE 8.08 ± 0.02 8.15 ± 0.03
4 5-METHYL-2-ACETYLTHIOPHENE 2.89 t 0.04 2.69 ± 0.02
5 4-BROMO-2-ACETYLTHIOPHENE 13.6 t 0.05 13.6 ± 0.05
-  37 -
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Ltd.) and the tritiated water counted. Sufficient time (at least 
10 minutes) was allowed to give a high statistical accuracy. The 
background readings were determined by a blank sample (1 ml of 
the reaction mixture before adding the tritiated substrate). The 
radioactivity at the end of the reaction was determined as the 
average of three unseparated 1.0 ml aliquots of the reaction 
mixture taking into account the corresponding compositions of the 
aliquots to be counted. The results of a typical run obtained 
for the detritiation of 3-iodo-2-([3lj-acetyl) thiophene in 0.500 M 
acetate buffer at 50.0 i 0.1 OC are summarized in Table 1.2. and 
plotted in Figure 1.3* . The second-order rate constants for 
basic anions were obtained from the relationship,
1.3. RESULTS AND DISCUSSION
The hydroxide-catalysed rates of detritiation of a number of 
the compounds studied in this work have been the subject of
acetyl) thiophene , 3-thiomethyl-2-(l^H}-acetyl) thiophene and 3- 
carboxy-2-([3H}-acetyl) thiophene abbreviated as compounds I,II and 
III respectively, studied in the present work the detritiation 
was followed at a number of buffer base concentrations. Keeping 
the ratio [ HA] /f A"] constant at 1.0; in separate studies it had 
been shown that these reactions are not catalysed by acid. In 
all cases the observed first order rate constant k^ increased 
with buffer base concentration (Figure 1.4) and the- slope gave
kt;
(1.25)
[B ]
previous study. These are shown in Table 1.3- and it is clear
that very good agreement exists.
F o r  e a c h  of the t h r e e  c o m p o u n d s ,  3 - i o d o - 2 ( [ 3  h]-
T A B L E  I.H
RATES OF DETRITIATION IN BUFFER SOLUTIONS 
(107 |<TS -1 AT'50.OCJ 
BUFFER RATIO r = [ HA] / [if] - 1.0 THROUGHOUT
BUFFER [ B-] (I) (II) (Ill)
1 ACETATE 1.0 --- --- 101 + 0.05
0.75 --- --- 77.8 t 0.025
0.50 11.45± 0.15 1.30+ 0.001 62.8 + 0.01
0.40 8.49+0.42 1.08+ 0.000
0.30 6.73± 0.05 0.90+ 0.015 —
0.25 — --- 49.0 + 0.03
0.20 4.22 + 0.23 0.66+ 0.007 40.0 + 0.00
0.10 2.11 + 0.07 --- 33.0 + 0.01
2 ISOBUTYRATE 0.50 12.7 + 0.05 1.09+ 0.01 6.03± 0.20
0.40 9.83 + 0.01 0.89+ 0.001 51.7 + 0.05
0.30 7.30± 0.15 0.69+ 0.016 49.0 + 0.75
0.20 5.08 + 0.10 0.57+ 0.003 38.4 + 0.00
0.10 2.76 + 0.05 --- 30.8 + 0.05
3 FORMATE 0.50 4.58 ± 0.29 0.55+ 0.009 101 + 0.00
0.40 3.75 + 0.10 0.46+ 0.00 85 ± 0.04
0.30 2.79 + 0.02 0.39+ 0.002 66.3 + 0.4
0.20 1.85 + 0.03 0.32+ 0.00 55.0 t 0.02 •
0.10 1.25 ± 0.02 --- 39.7 + 0.01
Cont’/
- 40 -
BUFFER (B-J (I) (II) (III)
4 TARTRATE 0.40
0.30
0.25
0.20
0.15
0 .10
2.41 t O . 08 
2.05 ± 0.08
1 . 29 ± 0. 01
0.95 ±0.03
0.24 ±0.001 
0.22 ±0.005 
0.20 ±0.009
0.19 ±0.018
31.0 ± 0.01
29.7 ± 0.03 
2 9 . 2 + 0.01
27.8 ± 0.15 
27 .0 i 0.01
- 41 -
values of kTg which were the same as those calculated using 
equation (1.25). The results are summarized in Table 1.4..
The s p o n t a n e o u s  or w a t e r  c a t a l y s e d  detritiation rate 
constants for both the 3-iodo-and 3-thiomethyl - substituted 
compounds, shown in Table 1.5«, are of the same order of 
m a g n i t u d e  as t h o s e  o b t a i n e d  f o r  a c e t o p h e n o n e  a n d  p- 
acetophenone.49 However, they are some 80-180 times slower than 
that for the 3-carboxy compound; a slightly greater factor (230) 
is obtained when the results of Bell et al 9 for p-carboxy-and o- 
carboxyacetophenone are compared.
In the absence of buffer catalysis there are four reaction 
pathways available to a substrate HA, namely AH2+ + 0H-, AH + 0H“ 
, A H 2 + + H 2O, and AH + H 2 O. For k e t o n e s  such as the ones 
investigated here, there are good reasons for thinking that the 
last represents the more important pathway. This being the case 
the rate e n h a n c e m e n t  for the 3 - c a r b o x y - c o m p o u n d  can be 
rationalised on the basis that as well as a contribution due to 
i n t e r m o l e c u l a r  base c a t a l y s i s  by w a t e r  there is f u r t h e r  
contribution arising from intramolecular catalysis by the 
carboxylate anion. The value of k£ for the 3 - c a r b o x y a c e t y 1- 
thiophene (2.5 x 10 — 63— 1) can be compared with a value of 2.05 x 
10“ 6S-1 f0r kH at 25°C for the o - c a r b o xyacetophenone;46 the 
effect of a lower temperature is compensated for by the fact that 
the results refer to proton rather than tritium transfer.
Unlike some of the derivatives of 2 f-carboxyacetophenone
42 -
TABLE 1.5.
RATE CONSTANTS ( k V s" 1) FOR THE "SPONTANEOUS" 
DETRITIATION OF SOME ACETOPHENONES AT 50oc
COMPOUND 108kTo/s-1 REFERENCE
1 (I) 3.0 Present Work
2 (II) 1.4 Present Work
3 (III) 250 Present Work
4 ACETOPHENONE 0.2 (49)
5 p-NITROACETOPHENONE 1.8 (49)
6 p-CARBOXYACETOPHENONE 0. 9a (9)
7 o-CARBOXYACETOPHENONE 205a (9)
a Data at 25°C
-  43 -
TABLE 1.6.
SUMMARIZED DETRITIATION RATE CONSTANTS AT 50.0°C 
FOR 3-SUBSTITUTED ACETYLTHIOPHENES
BASE RATE CONSTANT (I) (II) (III)
1 WATER 108kTo/s-1 3.0 1.4 250
2 ACETATE 107kTB-/M-1s * 1 '20.9 2.45 75.4
3 ISOBUTYRATE it 24.8 1 • 9B 68.1
4 FORMATE ft .8.49 0.82 148
5 TARTRATE t! 5.37 0.44 20.3
6 HYDROXIDE3- 103kT0H/M-1s-1 14.4 2.3 1.9
a Data at 25.0°C
where no increase of rate with increasing base' c o n c e n t r a t i o n  was
w i t n e s s e d , ^7 for the three c ompounds studied in the present
investigation significant rate enhancements were observed, Table
1.4 .- For the 3-iodo-and 3-thiomethyl -substituted compounds
for which intramolecular catalysis is not an issue the second—
order rate constants, Table 1.6., increase wi t h  i ncreasing
base strength, viz.acetate s: isobutyrate > formate >• tartrate
The same trend applies for the 3-carboxy-compound wi t h  the
T
difference that k g for the formate ion is much higher than 
expected. Clearly, intermolecular base catalysis m a k e s  an 
important contribution to the overall rate.
The r e l a t i v e  i m p o r t a n c e  of i n t e r  and i n t r a m o l e c u l a r  
catalysis is usually ascertained by measuring the latter's 
e f f i c i e n c y .  This is c u s t o m a r i l y  d e f i n e d  as an e f f e c t i v e
concentration C^ . where Ci=ki/k*, k* being the second-order rate 
c o n s t a n t  for i n t e r m o l e c u l a r  c a t a l y s i s  by a h y p o t h e t i c a l  
carboxylate ion having the same bas i c •strength as the carboxylate 
group in the substrate. For this approach to be effective one 
needs to know the true dissociation constant of the keto acid; no 
such m e a s u r e m e n t s  have been made in this investigation. An 
alternative approach, is to take advantage of the values
(available at 25°C) and assume that the difference in the ratio
for the three thiophenes reflects the i m p o r t a n c e  of
intramolecular catalysis. The estimates of CiT obtained are
given in Table 1.7*. Not much quantitative significance can be
attached to these values although it is clear that for acetate,
isobutyrate, and tartrate. they are very similar and close to
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TABLE 1.7- 
ESTIMATES OF C jT/M
1 WATER 210 - 630
2 ACETATE 2 8 - 3 7
3 ISOBOTYRATE 21 - 43
4 TARTRATE 28 - 56
5 FORMATE 1 3 0 - 2 1 0
those reported2*? for the 2-carboxyacetophenones (i),(ii), 39 
and 66 M respectively) and (iii), 890M using a similar argument*
C O Pr' 0 “ - " H - C = 0
0
(iii) ( iv )
(i) R1 - R2* = H
(ii) R1 - R1* = H, R2 = r 3 r Me.
The results for water are subject to a large uncertainty 
which could in part arise from differences in solvation. The
high C^T value for formate, i.e. in the case where the nature of 
the i n t e r n a l 1 and 'external1 catalyst is the same,, such as 
depicted in (iv)*may be a contributing factor. The effect if 
real is likely to be more important for the formate anion than 
any of the other anions studied. The situation is analogous to 
that in which extra water molecules can be incorporated in a 
transition state via hydrogen bonding.
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CHAPTER TWO
THE BASICITIES OF AMINES 
IN DIMETHYL SULPHOXIDE
2.1. INTRODUCTION
2.2.. EXPERIMENTAL
2.2.1. MATERIALS
2.2.2. KINETICS OF DETRITIATION
2.3. RESULTS AND DISCUSSION
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Amines constitute one of the most important group ; of 
compounds in organic chemistry. Thus they are widely used in 
industrial processes, such as in the preparation of epoxy resins, 
as well as in many organic synthesis. In recent times they have 
attracted considerable attention as some of 'them e.g. benzidine 
are highly carcinogenic. In many reactions they act as a base - 
indeed experience shows that no single functional group covers 
such a wide range of basic strengths in terms of the following 
equilibrium:
BH+ B + H*
KBH+ = CH+J / CBH+1
and
pKBH+ = -log Kb h +  .............■•••■............  (2.3)
Thus for aniline in water at 25.0O q K b h + = 2.5 x 10 an(j p K B H + 
= 4.60. The higher the value of pKgpj+ the more basic the amine 
•Table 2.1 contains pKbh+ values for a variety of amines in 
water at 25.0°C, taken from the compilations of Rochester^ and 
Perrin-2. A large number of monoamino aliphatic compounds have 
pKBR+ values that lie in the range 11-*-0 whilst m o n o a m i n o  
aromatic compounds span the range between 5 and -10. The p K b H + 
values in the first category can be deter-mined by making glass 
electrode measurements at half - neutralisation whilst for the 
less basic aromatic compounds spectrophotometric measurements in 
highly acidic media are usually employed.
(2 .1)
(2.2)
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TABLE (2.1) 
pKBH+ VALUES OF SOME AMINES IN 
WATER AT 25.0°C
COMPOUND p k b h + COMPOUND pKBH+
C6 H5 NH2 4.60 CH3 (CH2 )x NH2 10.6-10.7*
M N C ( h . n h 2 1.75 c f3 ch2 n h2 5.7
P-CH, C H NH,
j 6 k  £ 5.08
(C H g ) NH 10.7
2 . 4 - ( N O - )  C H .  N H ,  
2/2 6 3 2 -4.3 (C2 h 5 )2 n c i 1.0
2 , 4 , 6 - ( N 0 2 ) C6H2 NH2 -10.0 Bl* (C H , ) N H ,
2 3 2 8.9
* for x s O' - 21
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With the increasing interest in developing media of high 
basicity the question has been asked as to how basic can the 
amines become. Although it seems that the most basic single 
functional group is probably the amidino unit (1), the most basic 
organic molecules are polyfunctional amines. These include the 
1,8 —  diaminonaphthalenes (2) and macrobicyclic amines of general 
structure (3), some of which remain protonated in concentrated 
alkaline solution
Amidines of the general form (4) and guanidines (5) are some 
three to four pK units more basic than aliphatic amines. Their 
basicity can be further enhanced, at the expense of their 
nucleophilicity,
by polyalkylation. Thus 2-t-butyl-1,1,3,3 - tetramethylguanidine
(6) has a pKg^+ o f ^ l 4  whilst h e x a m e t h y l - 2 ,10-diazabicyclo 
[4.4.0 ]-1-decen (7) is more basic than pentamethylpiperidine .
//NH 
C
(1 ) (2) (3)
NR NR
I II
C
NR,'2
(4) (5)
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The unusually high basicity of 1,8-bis(dimethylamino)-
naphthalene(S) p  - its pKgfj+ of 12.1 is more than seven units more 
basic than the monodimethlylamino compound (9) has its origin in 
the large degree of steric strain that is relieved by formation
3'2CH
(8) (10)
of protonated form (10) in which the added proton links the two 
nitrogen atoms by hydrogen bonding.
3 >4
The work of Lehn and colleagues has led to the synthesis 
of a large number of diamines, which are known as cryptands, 
these exhibit high basicities although the rates of proton 
transfer are frequently very slow. Thus one of the earliest 
studied (11) has a pKgg+ value of at least 17.8 whilst that of
'0
N N 
«!>
\
N N
(1 1) (12)
compound (12) is even higher. A list of these highly basic 
amines with relevant pKgjj+ values is given in Table 2.2..
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TABLE 2.2.
p k bh+ VALUES OF SOME HIGHLY BASIC AMINES
COMPOUND PKBH+ REF.
1. (Cf^N N(CH3)2
I  J
12.1 5.6
2 - HgC-N N-CHg 12.9 5
n
3. (C2H5m 13.3 5
I i]
«. (c h 3 w
C H 3 ° ' T t I
N (C H 3 )2
A ^ o c h ,
16.1 5,7,8
J >1 1 J
5. ‘ C2H5 W
c¥ - n
f < % ) 2
- ^ r U C H j
16.3 5,7,8
6.
N N
A A A
V O ' A
17.8 11,12
Continued
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COMPOUND p Kb h + REF.
7. N N
8.
9.
10.
iA nQ
C(CH3 )3
N 
II
( C H ^ N ^  C "-N(CH3)2 
NH
(ch3)2n /  "N(CH3)2
11.
12.
17.8
13.5
14
13.6
11.25
11.25
11,12,13
9,14
11
15
10
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is not surprising therefore that they do not all refer to a 
single solvent system . This same problem existed for carbon* 
acids until recently when Bordwell^6,17 established a method for
measuring pKa values in dimethyl sulphoxide. Prior to this the 
most widely^ adopted procedure was to express matters in terms of 
"kinetic acidities” i.e. rates of ionisation:
H20
RC-H*+B- - RC- + H * B  »  RC-H + HH*0 + B "  ....... (2.7)
It would seem sensible therefore to adopt a similar strategy for
measuring the relative basicities of amines and as dimethyl
sulphoxide is such a good solvent in terms of solubility and high
dielectric constant it was chosen as the first choice. What
remained was to pick the most widely suitable kinetic method and
here we decided on measuring the rates of hydrogen isotope
exchange, in particular those of detritiation. In order to do so
it was necessary to slightly modify the solvent extraction
procedure as previous studies had been confined to aqueous
conditions. The method is particularly useful in the sense that
once set up it can be used for any carbon acid-base systems
(unless the reaction is too fast, t i < 3 0  seconds). In addition
2
the intial rate method which allows one to measure the first few 
percent of reaction in a relatively short time means that rate 
constants for extremely slow processes can be obtained very 
conveniently. Tracer kinetics always exhibits first-order
-  58 -
behaviour so that the customary equation is
a a oo
kt = I n --------= In ..............     (2.4)
a-x V  a t
which can be arranged to give equation (2.5) s.-
1
kt = In ( — — ------------- ) ..................... ........  (2.5)
1-a /a
t / 00
For a small extent of reaction a4./a is small and as In (l-x)= -x° CO
for small values equation (2.5) reduces to (2.6).
at
kt = ...........        (2.6)
oo
For a detritiation experiment a _  would be the radioactivityoo
released to the solvent at the end of the reaction, which is the
same as the radioactivity of the tritiated carbon acid before
exchange begins, and a^ would be the radioactivity of the solvent
at a n y  i n t e r v e n i n g  t i m e  t. If t h e r e f o r e  a t is 10^
disintegrations per minute (dmp) after say 30 minutes and a isoo
10® dmp k0fos is 5.5 x 10"®s“ .^ There is no other method that 
will provide such small rate constants so conveniently. It is 
however extremely susceptible to trace impurities so that it is 
advisable to check that the rate constants obtained in this way 
agree with those obtained by the customary route in which 
measurements are recorded over much longer time intervals.
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detritiation of acetophenone in dimethyl sulphoxide at 50°C as 
catalysed by a large number of amines. This particular carbon 
acid was chosen (a) because it has been extensively investigated 
under aqueous conditions and (b) because its likely rate will 
ensure that at temperatures not too far removed from 25.0°C it 
will be possible to study a large number of amines.
2.2. EXPERIMENTAL
2.2.1. Materials
The amines used in this work were purchased commercially and 
it was customary practice . • (a) if they were liquids to distil 
them before use, (b) in the case of solids their melting points
were determined and (c) in all cases run their H nmr spectra.
Dimethyl sulphoxide was purified by taking 250 ml of the 
compound in a round-bottom flask and cooling until some 10? of 
the solvent has then decanted off, the solid allowed to attain 
room temperature and kept over molecular sieves prior to use.
Stock solutions of the amines were made up by weight and 
subsequent dilutions of the stock solution made.
The tritiated acetophenone was prepared by keeping some 50 
mg of acetophenone in 2 ml of dioxan to which a pellet of NaOH 
had been added followed by 5 of tritiated water (50 Ci/ml) at 
room temperature for 48 hours. The solution was then injected
- 62 -
TABLE 2.3- 
DETRITIATION OF [ 3h ] - ACETOPHENONE IN 
DIMETHYL SULPHOXIDE CONTAINING HEXAMETHYLENEIMINE 
(O.3039 M) AT 50.0OC (CONVENTIONAL METHOD)
Time/min. Radioactivity (Ct) 
of extracted ketone
(cts/min)
log C f
0 409260 5.612
20 338800 5.530
40 278000 5.444
60 223400 5.349-
80 188800 5.276
100 150300 5.177
120 121900 5.086
140 98200 4.992
160 81850 4.913
180 65920 4.819
slope of log Cfc v. time plot = -7.436 x 10“5 
kT = 2.303 x 7.436 x 10-5 = 1.712 x lO-^s-1 
kTB =. 1.712 x 10-^/0.3039 = 5.635 x l O - ^ M " ^ - 1
-  63 -
Tlme(min.)
- 64 -
X1A W/V U  M  V A **Q * » — — —    —  V-l - -  
ml of water. The organic layer was then separated off, dried 
over anhydrous sodium sulphate and concentrated by passing >a 
stream of nitrogen over its surface. The ketone was then
dissolved in 50 L| 1 of dg_dimethyl sulphoxide to which a trace of. 
tetramethylsilane was added as internal standard before recording 
both the Iff and 3h nmr (1H decoupled) spectra. As Figure 2.1 
shows all the label was located in the methyl group.
2.2.2. KINETICS OF DETRITIATION
Both the conventional and initial rate methods, which have 
been described in chapter 1., were employed, the only significant 
difference being the fact that water containing sufficient 
h y d r o c h l o r i c  acid, to n e u t r a l i z e  the base w as u s e d  in the 
extraction procedure. The conventional method can be illustrated 
by considering the results obtained for the detritiation of 
acetophenone at 50oc as catalysed by hexamethyleneimine (Table 
2.3).These show that over the course of 3 hrs. the radioactivity 
of the substrate has decreased by over 80?. The plot of log 
(radioactivity) against time is strictly linear, the slope being 
equal to -kT/2.303, Figure .2.2 . Duplicate runs were usually in 
good agreement so that the kT values can be quoted to within 3%»
The initial rate method was used for much slower reactions. 
Experimentally it was very similar to the conventional rate 
method with the difference that the aqueous layer radioactivity 
was measured. Typically this was done by dissolving a 0.5 ml
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TABLE 2.4- 
DETRITIATION OF [3h ] - ACETOPHENONE IN 
DIMETHYL SULPHOXIDE CONTAINING 
N,N,N',N' - TETRAMETHYLETHYLENEDIMINE (0.1612 M) 
AT 50.0°C (INITIAL RATE METHOD)
Time/min
\ *
Radioactivity (Cj-J 
released into solvent 
(cts/min)
0 0
15 2900
30 6400
45 10300
60 14160
75 17730
90 20810
105 24500
120 28000
135 31150
* these values have been obtained after substracting a background
count (5700 cts/min)
C_(1) = 1.135 x 106
C J . 2 ) = 1.137 x 10°
Average C ^  = 1.13 x 1C)6 cts/min
Slope of Ct v * time plot = 3.825 s
kT = 3.385 x 10-6 S-1 
1<TB = 2.10 x 1 0-5m-1 s
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ml NE 250).
Radioactivity at the end of the reaction corresponds to 
that present in an unseparated aliquot of the reaction mixture. 
Two such values were usually obtained and the mean reading taken. 
The results of a typical experiment using the initial rate method 
are given in Table 2.4. and plotted in Figure 2.3*
The initial rate method is very sensitive to the presence of 
impurities. Therefore results obtained by this method were 
usually checked where possible by carrying out the experiment for 
a much longer time interval so that the conventional method can 
be used. Results obtained in such instances (Table 2.5.) show 
that there is good agreement between the two methods.
The second order rate constants were obtained from the
first-order rate constants (k*3-) using equation (2.8):
kT = kTB Cb ] + kTDMS0    (2.8)
but as the second term was insignificant (no detritiation in the 
absence of base was observed) it simply was a question of 
dividing kT by the base concentration. Expressed in another way, 
the plots of kT against [ b ] were strictly linear and passed 
through the origin. Figure 2.3 provides an example.
The detritiation rate constants (k^, k^g) for amines are 
brought together in Table 2.6 .
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TABLE 2.5-
COMPARISON OF THE RESULTS FOR THE DETRITIATION 
OF[ 3h  ] - ACETOPHENONE IN DIMETHYL SULPHOXIDE 
CONTAINING AMINE BASES AT 50.0°C USING THE CONVENTIONAL 
(CM) AND INITIAL RATE (IR) METHODS
BASE CM IR
1. N , N , n ', N' - TETRAMETHYLETHYLENE- 
DIAMINE 2.07 x 10-5 2.10 x 10-5
2. BENZYLAMINE 2.86 x 10-5 2.93 x 10~5
3. DIBENZYLAMINE 1.61 x 10-6 1.59 x 10-6
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In all cases ror w m c n  aetritiation uuuiu uc uuocrvcu 0**^  
reactions were first-order in amine concentration. The derived 
second-order rate constants could usually be expressed to within 
3?. All in all some 51 amines were investigated as possible 
catalysts - 12 were primary amines, 17 secondary amines, 14 
tertiary amines and 8 diamines. If one places a lower limit of 5 
x 10-9 s--1 for the solvent reaction that can be conveniently 
studied then some 16 amines (nos. 10,11,16,18,19,20,26,32,33*34, 
35,37,38,43,49,50) were found to be too weakly basic to catalyse 
the reaction. In order to test their effectiveness as catalysts 
it will be necessary to employ a stronger acid than acetophenone.
•• .
W h e n  .the r e s u l t s  are p l o t t e d  in t e r m s  of a B r o n s t e d
relationship i.e. log kTB v# pK BH+ (in H20 at 25°C) several 
significant features can be seen (Figure 2.4). Thus the primary
a m i n e s  (1,2,3,4,5,6 and 9) f o r m  an a p p r o x i m a t e  l i n e a r
relationship,
log kT0 = 0.588 p K b h + - 10.02
which to a good approximation can be accomodated by the secondary 
amines (21,22,23,24 and 25) - in fact,
log k^g = 0.854 pKgH+ - 12.73
for these catalysts. The two tertiary amines (30 and 36) also 
fall on the same straight line but all four diamines show large
- 70 -
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DETRITIATION OF [ *^H]- ACETOPHENONE IN 
DIMETHYL SULPHOXIDE CONTAINING AMINE BASES AT 50.0OC
p k b h +
AMINES (25°C,H20) lB]/M kT/s-1
kTB
(Average)
(i) PRIMARY
1. n-Propylamine 10.60 0.28366 3.70 x 10-5 1.31x10-4 1.30x10-4
CH3(CH2 ) NH2* 0.23476 3.06 " 1.31x " + 0.02X10-1*
0.18236 2.45 ” 1.34 "
0.12607 1.59 " 1.26 "
2. n-Butylamine 10.62 0.3089 6.59x10-5 2.13x10-4 2 .12x10-4
c h 3 (c h 2 ) n h 2 0.2557 5.38 " 2.10 " ± 0.02x10“^
0.1373 2.90 » 2.11 "
0.1049 2.21 » 2.11 "
0.07130 1.55 " 2.17 "
3. n-Pentylamine 10.63 0.35588 6.78x10-5 1.90X10-1* 1.90x10-5
c h 3(c h 2 )4 n h 2 0.28413 5.37 " 1.89 " ±0.01x10-5
0.20248 3.85 1.90 "
0 .10874 2.08 " 1.91 "
4. Iso-Butylamine 10.43 0.2330 2.46x10-5 1.06x10-4 1.05x 10_lt
(c h 3 )2 c h c h 2n h 2 0.2084 2.17 " 1.04 " ±0.01x10-5
0.1821 1.91 " 1.05 "
0.1540 1.61 " 1.05 "
Continued
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pKBH+ kTB
AMINES (25°C,H20) [B]/M kT/s“ 1 kTg/M“ 1s“ 1 (Average)
5. t-Butylamine 10.54 0.2685 3.92x10-5 1.46x10-** 1.46x10-**
(c h 3 )3;c n h 2! 0.2225 
0.1728 
0.1195
3.26 " 
2.51 " 
1.74 ”
1.57 "
1.45 "
1.46 "
±0.01x10-14
6. Benzylamine 9.33 0.3986 1.13x10-5 2.84x10-5 2.86x10-5
O c H j N H j
0.3527
0.3037
0.2513
1.01 " 
0.867 " 
0.717 "
2.88 " 
2.86 " 
2.86 "
±0.01x10“®
7. 2-Chlorobenzy- 5.20 0.1801
lamine / Ci 0.1501
8. 4-Chlorobenzy- 5.10 0.3729
lamine 0.1865
Cl ~^w M : H 2NH2
9. 4-Methylbenzy- 9.36 0.1721
1.26x10-6 7.01x10-6 7 .30x10-6
lamine H C - ^ - C ^ N I ^
10. Phenylamine 4.58 
(Aniline)
h 3c— Q ^ h 2
11. p-Toluidine 5.07
0.1434
1.14 " 7.59 " 10.29x10 -6
3.20x10-6 8.57x10-6 8.62x10-6
1.62 " 8.67 " ±0.05x10“®
5.56x10-6 3.23x10-5 3.23x10-5
4.63 " 3.23 "
Continued '
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PKBH+
AMINES (25°C,H20)' [f/M k^/s"^
kTB .
(Average)
12. Monoethanolamine 9.50 0.1850 1.58x10-5 8.54x10-5 8.54x10-5
CH2.(0H)CH2 NH2. 0.1585 1.35 " 8.52 11 ±0.02 "
0.1306 1.11 " 8.53 w
0.1009 0.87 " 8.58 11
(ii) SECONDARY
13- Diethylamine 10.98 0.2297 7.40x10-5 3.22x10-4 3.20x10-^
(CH CH2:)2 NH 0.1978 6.39 " 3.23 " ±0.02 "
0.1637 5.22 " 3.19 n
0.1272 4.03 " 3.17 "
14. Di-n-butylamine 11.25 0.05997 1.32x10-5 2.21x10-4 2.20x10-4
(CH3CH2CH2CH2')2 n h 0.05283 1.14 " 2.16 »» ±0.02 "
0.04529 1.00 " 2.22 n
0.03729 0.824 " 2.21 ”
15. Diisopropylamine 10.59 0.2824 2.01x10-5 7.13x10-5 7.22x10-5
0.2255 1.59 " 7.05 " ±0.16 "
(CH3 )2 CHNHCHC(CH3)2 0.1607 1.15 " 7.17 ,f
0.08629 0.651 " 7.55 "
16. Diphenylamine 0.79 ---- ----- — — — — a
(C6H5 )2 NH
Continued
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pKBH+ kTB
AMINES (25°C,H20) [Ej/M kT/s-1 kTB/M“ 1s"1 (Average)
17. Dibenzylamine 
(C6H5CH2)2NH
0.5602 8.85 x 10-T 1.58 x 10-6
0.4845 7.84 " 1.62 "
0.4268 6.97 " 1.62 "
0.3621 5.83 " 1.61 "
18. Imidazole 6.95du>
19. 2-Methylimidazole 7.85
20. Succinimide
21. Pyrrolidine
r ^ H
11.27 0.2468
0.2153 
0.1827 
0.1489
3.28X10-1*
2.89 "
2.41 "
2.00 "
1.33x10-3
1.34 " 
1.32 "
1.34 "
22. Piperidine
o «
11.22 0.1460 6.22x10-5
0 . 12 08  5 . 1 0  "
0.09387 4.05 "
0.06490 2.73 "
4.26x10-^
4.22 "
4.32 "
4.21 "
23. Hexamethyl 
eneimine
H
10.89 0.3039
0.2222 
0.1913 
0.1583
1.72x10-4
1.23 "
1.05 "
0.864 "
5.63x10-4 
5.52 "
5.51 "
5.46 "
1.61x10-6 
±0.01 "
a
a
1.33x10-3 
± 0.01 "
4.25x10“^ 
±0.04 "
5 . 5 3 x 1 0 -2* 
± 0 . 0 5  "
Continued
AMINES
PKBH+
(250C,H20) [ Ej/M kT/s"1
kTB
kTB/M"ls"1 (Average)
24. Heptamethyl-
eneimine
Q,
10.78 0.2147
0.1900  
0.1636  
0.1354
4.32x10-5 
3.82 "
3.30 "
2.72 "
25. Morpholine 8.36 0.2130 
0.1864 
0.1570 
0.1243
5.76x10-6
4.62 "
4.30 "
3.37 "
26. 3 , 5-DimethyM,-
HqC
2,4-triazole3
27. 1,1,3,3,- 13.6 0.2846 5.67x10-5
Tetramethyl- 0.2274 4.56 "
NH
guanidine II 0.1621 3-24 "
iCH3)2N /  N(CH3) 0 • 8703 1.73 »
28. N,N-Diphenyl- 10.12 0.06523 8.81x10-7
guanidine NH 0.05857 7.67 "
0.05125 6.87 "
0.04316 5.87 "
2.01x10-** 
2.01 " 
2.02 "
2.01 »
2.71x10-5 
2.48 "
2.73 "
2.71 "
1.99x10-** 
2.00 " 
2.00 " 
1.99 "
1.35x10-5 
1.31 "
1.34 "
1.36 "
Continued
2.01x10“** 
±0.002 "
2.66x10-5 
±0.009 "
2.00x10-2* 
± 0.002 "
1.34x10-5 
± 0. 01 "
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AMINES
pKBH+ 
(25°C,H20) Ld/M
kTB
kT/s"^ kTB/M"1s"1 (Average)
Me
29. 3,3,6,9,9- 
Pentamethyl-2,10- 
diazabicyclo [ 4.4.0]— 
dec-1-en
Me,
Me'
(iii) TERTIARY
30. Triethylamine 
(c h 3c h 2 )3 n
0.02560 1.45x10-**
0.01965 1.11 "
“N N
Me
Me
Me
10.65 0.09021 2.35x10-6
0.07947 2.02 "
0.06811 1.78 "
0.05609 1.43 "
5.67x10-3 5.65x10-3
5.63 " ±0.02 "
2.61x10-5 2.58x10-5
2.54 " ±0.03 "
2 . 6 1 »
2.55 "
31. Tri-n- 10.89 0.05208 6.61x10-7
propylamine 0.04808 6.54 "
(CH3CH2CH2 )-N 0.03348 4.12 "
1.27x10-5 1.29x10-5
1.36 " ±o-o 5 "
1.23 "
32. Triphenylamine 
(C6H5 )3 N
33. Tribenzylamine ---       a
(c 6h 5c h 2 )3 n
34. Pyridine 5.17       a
Q
Continued
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AMINES
pKBH+ kTB
(25°C,H20) [b|/m  kT/s“ 1 kTB/M-1s-1 (Average)
35. 2-Methylpyridine
•Me0 -'
36. N-Methylpyrro- 
lidine
Q
I
Me
38. Triethanolamine
(hoch2 ch2 ) N
10.13 0.1950 1.21x10-5
0.1614 1.00 "
0.1254 0.773 "
0.08667 0.536 "
37. Hexamethylene- 6 .30 
tetramine
0.2322 
0.2190 
0.1825 
0.1537
2.31x10-6 
1.94 "
1.84 "
1.55 "
6.19x10-5 6.19x10
6 . 2 0  " ± 0 .01 " 
6 . 1 6  "
6.19 "
-5
9.94x10-6 9.74x10-6
8.88 " ±0.43 "
10.07
10.08
39. 1,2,2,6,6, 
Pentamethyl- 
piperidine Me
Me
11.25 0.07220 3.08x10-7
0.06483 2.74 "
0.05676 2.40 "
N" 'Me
^  0.04777 2.01 "
4.27x10-6 4.23x10-6
4.23 " ± 0.02 "
4.22 "
4.21 "
40.1,4-Diazabicyclo- 8.72 0.1087 5.65x10-6
[2 .2.2 ] octane 0.08780 4.61 "
a 0.06342 3.27 "
0.02818 1.46 "
5.20x10-5 5.19x10-5
5.25 " ±0.03 "
5.15 "
5.17 "
Continued
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AMINES
pKBH+ kiB
(25°C,H20) [d/M kT/s“ 1 kTB/M~1s“ 1 (Average)
41.1,8-Diazabicyclo- ---- 0.11055 9 .-3^x10— H 8.45x10-3 8.45x10-3
t 5.4.0 ] undec-7-ene 0.09477 8.02 t! 8.46 " ±0.02 ”
C O
0.07843
0.06092
6.65
5.12
It
It
8.48 " 
8.40 "
•
42.1,5-Diazabicyelo- ---— 0.08986 4.78x10-4 5.32x10-3 5.31x10-3
[4.3.0,] non-5-ene 0.07951 4.22 II 5.31 " + 0.01 "
d >
0.06847 3.64 If 5.31 "
0.05666 3.01 II 5.32 "
43. 1,8-Bis(diethyl- 16.3 a
amino 2,7-dimeth- 
oxynaphthalene
MEt2
L om«
i i
w
(iv) DIAMINES
44. 1,2-Diaminoethane 8.51 0.3064 9.13x10-5 2.98X10-1* 2.99X10-1*
n h 2c h 2c h 2 n h 2 0.2475 7.36 II 2.97 " +0.01 "
0.2408 6.14 It 3.00 "
0.1591 4.76 II 2.99 "
45. 1,2-Diaminopropane --- 0.3759 7.56x10-5 2.01X10-2* 2.00x10-4
n h 2 c h 2 c h (n h 2 )c h 3 0.3326 6.69 II 2.01 " + 0.01 "
0.2864 5.73 It
oo•C\J
0.2370 4.72 II 1.99 "
Continued
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AMINES
pKBH+ ~~ kTB
(250C,H20) [^/M kT/s~1 kTB/M“ 1s“ 1 (Average)
46. 1,3-Diamino- 9.23 0.3741 1.81x10-4 4.83x10-** 4.82x10-4
propane 0.3310 1.60 If 4.83 II £0.01 "
NH2 CH2 CH2jCH2 NH2 0.2850 1.37 t! 4.79 It
0.2359 1.14 It 4.81 If
47. 1,4-Diaminobutane 9.47 0.2315 9.9x10-5 4.23x10-4 4.22x10-4
n h 2 c h 2 c h 2c h 2:c h 2;n h 2 0.1916 8.10 II 4.33 II ±0.06 "
0.1488 6.41 II 4.17 II
0.1029 4.46 II 4.15 II
48. 1,5-Diamino- 8.29 0.09178 3.11x10-5 3.39x10-4 3.33x10-4
pentane 0.07867 2.20 If 3.40 II ±0.10 "
n h 2(CH2 )5 NH2 0.06479 2.46 II 3-13 tl
0.05006 1.70 II 3.40 II
49. Carbamide (Urea) ----
0
---- ---- a
| |
H2 N - C - N H 2
50. 1,4-Diamino- ---- ---- ---- ---- a
anthraquinone 0 nh,
0 #
0 NHj
51, N,N,N,N-Tetra- ---- 0.2808 5.92x10-6 2.11x10-5 2.07x10-5
methylethylenediamine 0.2223 4.67 II 2.10 It ±0.10 "
(c h 3)2 n c h 2c h 2u (c h 3 )2 0.1589 2.97 II 1.87 II
0.08336 1.83 II 2.20 II
a = no detectable detritiation which is equivalent to saying that 
kT^< 5x10-9 s - 1
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large negative deviations. The points for 2-chloro-and 4- 
chlorobenzylamine (7 and 8) are also displaced, suggesting that 
if these are taken with the results for benzylamine and 4- 
methylbenzylamine they form a separate linear relationship,
log kTB = 0.153 PKBH+ - 5 . 9 5
When one considers that one is measuring a rate at 50oc in
dimethyl sulphoxide and relating it to a p Kb h + value measured in 
water at 25°C the relationship is surprisingly good.
The secondary amine 29 and the tertiary amines 41 and 42 are 
the most reactive. Interestingly all three have two fused rings, 
suggesting that their rigidity may be an important factor in 
determining their high basicities. If these three- amines were to 
obey the same Bronsted relationship as the amines mentioned above 
it would be possible to estimate their pKg^+ values. They are 
12.4 for 29, 12.6 for 41 and 12.3 for 42.
Although this work represents the first case of a Bronsted
relationship in non-aqueous media determined from detritiation of
a carbon acid there have been several reports involving other
18 19reactions. Thus the decomposition of nitramide and the
20-22
ionisation of nitromethane as catalysed by amines has been
investigated. Both of these studies show marked deviations from 
a single relationship. Now that a reliable method has been 
developed for measuring rates of detritiation of carbon acids in
- 80 -
0 primary 
O secondary 
□ tertiary 
Xdiaminea
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the kind reported in this chapter.
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CHAPTER THREE 
SOLVENT EFFECTS IN THE DETRITIATION 
OF CARBON ACIDS
3.1. INTRODUCTION
3.2. EXPERIMENTAL
3.3. RESULTS
3.4. DISCUSSION 
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3.1. INTRODUCTION
1
The rates of ionisation of carbon acids have, more often 
than not, only been s t u d i e d  in a q u e o u s  or p a r t l y  a q u e o u s  
solutions. This seems to be a pity because the reaction, that of 
proton transfer, constitutes one of the simplest and at the same 
time one of the most important reactions in chemistry . The 
species formed (carbanions) find wide application in organic 
synthesis.
When we ask ourselves why is it that such an important
reaction has not been widely investigated under non-aqueous
conditions we are led to the conclusion that this is because the
methods .so widely used in aqueous media e.g. halogenation do not
3
lend themselves to use in non-aqueous media. Recent work' 
however has shown that rates of hydrogen isotope exchange, 
particularly rates of detritiation can now be followed in non- 
aqueous media. Consequently the way is now clear to study these 
reactions in a range of solvents but before we do this it would 
seem appropriate to discuss the range of solvents that are now 
available and review the way in which other chemists have looked 
at the whole area of solvent effects on reaction kinetics.
Most organic reactions are carried out in the presence of a 
solvent; the choice of the solvent often has a pronounced effect 
on the rate of reaction and sometimes the course of the reaction. 
Any classification of solvents is bound to be arbitrary to some 
extent and will not meet with uniform approval. Indeed the 
boundaries between solvent classes are not always sharp.
-  85 -
The starting point for any classification is the Bronsted 
concept of acidity (an acid is a proton donor, a base is a proton 
acceptor). Solvents which are therefore capable of accepting and 
donating protons are referred to as protic. Some t i m e s  the 
d i v i s i o n  is c a r r i e d  f u r t h e r  so that we have p r o t o p h i l i c  
(predominantly basic), protogenic (predominantly acidic) and 
neutral solvents. The amines and liquid ammonia are examples of 
p r o t o p h i l i c  s o l v e n t s  w h i l s t  a c e t i c  acid and c o n c e n t r a t e d  
sulphuric acid are both protogenic solvents. The alcohols and 
water belong to the neutral category.
Aprotic solvents are incapable of transferring protons to 
an appreciable extent and can be sub-divided into dipolar and 
inert. The former are moderately good solvating and ionizing 
media, due to their d i p o l a r  n a t u r e  (l| 2.7 - 4.7 D) and
intermediate dielectric constants (£ 20-40). They are moderately 
good solvents for electrolytes and have become increasingly 
important of late because of their ability to increase the rates 
of many organic reactions, particularly those catalysed by 
hydroxide or alkoxide anions, by many orders of magnitude.
Amongst.the most important dipolar aprotic solvents we can 
list dimethyl sulphoxide,hexamethylphosphoramide, sulpholane, 
d i m e t h y l f o r m a m i d e , t e t r a h y d r o f u r a n ,  a c e t o n i t r i l e  a n d  
n i t r o m e t h a n e . In the inert c a t e g o r y  we w o u l d  i n c l u d e  
hydrocarbons such as benzene and the paraffins. These usually
-  86 -
n a v e  v e r y  l o w  a i e j . e e  i ^ r i e  e u x io o c m u o  c. — i \ j  j  o v  u u a   ^ x n  
solvents the ions exist as ion pairs.
The understanding of solvent effects on reaction kinetics 
has been made possible by the contributions of both organic and 
physical chemists. In the former category Hughes and I ngold5 
developed a theory for nucleophilic substitutions, the reactions
being classified according to charge type. Solvation was assumed 
to be an electrostatic phenomenon. If therefore, it can be 
assumed that (a) solvation will increase with the magnitude of 
the charge, (b) solvation will decrease with increasing dispersal 
of a given charge, and (c) the decrease of solvation due to 
dispersal of charge will be less that its destruction the 
reactions can be classified provided that these aspects are 
incorporated in the energy, rather than entropy changes. Thus we 
have the following well known summary
Initial Transition Effect of Effect of increased
State State Activation . Solvent Polarity on
on Charges Rate
Y- + RX •
» 
*
Co 
* s- Dispersed Small decrease
Y + RX Xs' Increased Large increase
Y- + RX+ Ys- Xs* Reduced Large decrease
Y + RX+ Y. . .
S+
Dispersed Small decrease
In a more physical approach Laidler^ has considered the 
situation which arises when two ions are brought together.
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necessary to bring them together leads to equation (3*1)•
ZA z b  e2 '
in. k = in k ----- — . ...    ....(3*1*)
6 dAB k’T
zAe >zBe are the charges on A and B , £ is the dielectric constant
9
of the solvent, dAB the sum of the radii rA + ^ the B o l tzman
constant and T the temperature (in °K). Thus a plot of In k v. 
£-1 should be linear and this is indeed found to be the case for 
m a n y  reactions. H o w e v e r  it is not a p a r t i c u l a r l y  u s e f u l  
relationship.
A more recent7>8 and more helpful development stems from the 
f o l l o w i n g  c o n s i d e r a t i o n s .  C o n s i d e r  the p o t e n t i a l  e n e r g y  
relationship for a proton transfer reaction carried out in a 
solvent o (Figure 3»1)» Let us then superimpose on this the same 
relationship for the same reaction with the difference that the 
reaction is now carried out in solvent s. Then we can define the 
following terms:
AHf = enthalpy of activation for reaction in solvent o
!l If sA h *  -  » it if if ii
S "
= ,f ,r reactants ”
HR - ii ii ii ii
s
HT = enthalpy of transition state in solvent
f j T  -  »» h  »» t i  i i  i i
S
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—  H g  a n t h a  1py of t . s.
in so I v a n  t s
solvent s
solvent o
a n t h a  1 py of t'.s. 
in s o l v e n t  o
H g  e n t h a l p y  of r e a c t a n t s  
in s o l v e n t  s
p
— H ”  a n t h a l p y  of r e a c t a n t s  
in s o l v e n t  o
FIG. 3.1
RELATIONSHIP BETWEEN ENTHALPIES OF TRANSFER OF INITIAL STATE AND 
TRANSITION STATE FOR A REACTION OCCURING IN TWO DIFFERENT MEDIA
PROTIC/ '
APROTIC
FIG. 3.2.
REACTION PROFILE FOR A REACTION BETWEEN TWO NEUTRAL SUBSTRATES I 
PROTIC AND APROTIC CONDITIONS
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One can define the following 
R
gHtr = enthalpy'of transfer of the reactants 
 ^ T
oH^r -■ " » « " ,f transition state,
between the two solvents.
It can therefore be seen that 
T: r
SHtr = SHtr +■ (A H* -AH*)    (3.2.)
= SHtr + S A h * S 
Sa h * can be obtained from measuring the enthalpies of activation
R
in the two solvents whilst SHtr values can be obtained by 
m e a s u r e m e n t  of heats of solution of reactants in the two
solvents. This approach therefore leads, to a systematic method 
of classifying reaction types. Thus we can envisage the reaction 
between two neutral molecules where the initial state is 
unaffected by the change in solvent from protic to aprotic but 
where the transition state is more solvated in a dipolar aprotic 
solvent, leading to an appreciable rate enhancement (Figure 3*2). 
For the h y d r o x i d e - c a t a l y s e d  h y d r o g e n  i s o t o p e  e x c h a n g e  of 
chloroform9 and fluoroform^O the observed rate increase arises 
solely fcom desolvation of the reactants, in particular the 
hydroxide ion.
The present chapter is an extension of the previous chapter 
in the sense we have used the same reaction, namely the a mine- 
catalysed detritiation of acetoph e n o n e , to investigate the 
importance of the solvent. Previously the work had been carried 
out in dimethyl sulphoxide. Here we report on similar studies
90 -
methyl- 2 -pyrrolidone (3)> hexamethylphosphoramide (4), sulpholane
o '
CH^CN HCON(CH 3 )2  qu
1 2 3
AN DMF NMP
(5) and tetrahydrofuran (6 ) as solvents.The bases e m p l o y e d  were;
Q
[ (CH 3 )2  n !3  po ^ 0 Q
HMPT SL THF
l i m i t e d  to n - p r o p y l a m i n e , n - b u t y l a m i n e , b e n z y l a m i n e ,  4- 
chlorobenzylamine, 4 - m e t h y l b e n z y l a m i n e  and 1,8-di a z a b i c y c l o  
[5.4.0 ] undec-T-ene.
3.2. EXPERIMENTAL
The procedures used were very similar to those described in 
chapter 2. Thus the purification, and tritiation of acetophenone 
has b e e n  r e p o r t e d  (see p.62). The s o l v e n t s  w e r e  u s u a l l y  
distilled prior to use and stored over • drying agents. The 
amines were distilled and their nmr Spectra obtained prior to 
use. Acetonitrile was stored over Linde type 4a molecular sieve 
prior to distillation.
Pure sulpholane was prepared by heating about two litres of
I s l l w  3 U 1 V C U U  X  i l  C l i  v u u u  — w  w  vs vs w  ux i  x u w u  w  w  — * * o  —  v  — -
sulphone: (20g) and anhydrous potassium fluoride (10g) to 210°C.
The mixture was stirred for 24 hours under a stream of dry N 2 I 
The solvent was then distilled under reduced pressure and the 
fraction boiling in the 92-95°C range at 0.3 mm Hg collected.
Hexamethylphosphoramide was stored over molecular sieve 
(Linde type 4a ) prior to distillation under reduced pressure. 
The solvent was then stored in a dry box where all the solutions 
were prepared.
N,N-Dimethylformamide and N-methyl-2-pyrrolidone were both 
stored over molecular sieves (Linde type 4A) before distillation 
at a few mm Hg pressure through a 20” column packed with glass 
helices.
Tetrahydrofuran was stored over lithium aluminium hydride 
before distillation (B.Pt.65°C); it was then stored in a dry box.
The kinetic procedure was the same as that described in 
chapter 2. For reactions that were conveniently fast the 
conventional detritiation procedure was adopted. For the slower 
reactions the initial rate method (see P.65) was used.
The base solutions were made up by weight and subsequent 
dilutions made. Typically the base concentration was varied by a 
factor of 1.3 to 5.6. In all cases good first-order kinetics 
were observed (for the conventional method); the reactions were
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SECOND-ORDER RATE CONSTANTS (kTB» M - 1s-1) FOR 
THE DETRITIATION OF ACETOPHENONE IN ACETONITRILE
AT 50.0°C
values in DMSO are from chapter 2 (p.71)
AMINE [B] /M kT/s-1 kOftiSO)3* 1 )
1. n-Propylamine 0.4466 1.47x10-6 (3 .30+0.01)x10-6 1.30x10-4
0.3969 1.32 "
0.1880 6.17*10"^
0.1051 3.46 "
2. n-Butylamine 0.2413 10.91x10-7 (4.51±0.01)x10-6 2.12x10-4
0.2148 9.67 "
0.1861 8.43 "
0.1551 6.96 "
3. n-Pentylamine ---      1.90x10-4
4. Iso-Butylamine 0.4533 9.47x10-7 (2.07±0.04)x10“6 1.05x10_i*
0.4071 8.14 "
0.3562 7.52 "
0.2999 6.27 "
5. t-Butylamine 0.4340 6.94x10-7 (1.60+0.01)x10-6 1.46x10“^
0.3897 6.24 "
0.3410 5.49 "
 0.2872 4.62__ 11_______________ ______________
Continued
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AMINE [B] /M k^/s“ ^
(Average)
kTB(M“ !!s-1) 
(DMSO)
6. Benzylamine 0.3669
0.3445
0.2964
0.2311
7.23x10-8
6.79 " 
7.00 " 
4.98 "
(2.11+0.14)x 10-7 2.86x10-5
7. 2-Chlorobenzyl- 
amine
0.3124
0.1562
8.15x10-8
4.09 "
(2.6110.01)x10-7 7.30x10-6
8. 4-Chlorobenzyl- 
amine
0.3228
0.2152
2.75x10-8 
1.84 "
(8.54+0.03) x 10-8 8.62x10-6
9. 4-Methylbenzyl- 
amine
0.2416 
0.1208
1.36x10-7
6.83x10“8
(5.6410.01)x10-7 3.23x10-5
10. Phenylamine --- ---- a a
11. p-Toluidine --- ---- a a
12. Monoethanol- 
amine
0.5515
0.4316
0.3008 
0.1576
3.63x10-6
2.85 "
1.99 " 
1.04 "
(6.6110.01)x10-6 8.54x10-5
Continued
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AMINE [B] /M kT./s-1 kTB (M“ 1s - 1)
(Average) (DMSO)
13* Diethylamine 0.4888
0.4344
0.1629
0.08886
9.14x10-6
8.04 " 
2.88 " 
1.52 "
(1 .80+0.06)x10-5 3.20x10“^
14. Di-n-butylamine 0.1685 
0.1513 
0.1324 
0.1115
2.21x10-5 
1.98 n 
1 .72 n- 
1.46 "
(1.31i0.002)x10-5 2.20X10-1*
15. Diisopropyl­ 0.3501 3.48x10-7 ( 9 . 9 4 ± 0 . 0 5 ) x 1 0 - 7 7.22x10-5
amine 0.3144
0.2751
0.2317
3.13 " 
2.75 11 
2.28 "
16. Diphenylamine --- --- a a
17. Dibenzylamine 0.3147
0.2893
9.98x10-9
9.40 "
(3.21±0.02)x1CT8 1.61x10“ ®
18. Imidazole --- a. a
19. 2-Methyl- --- a a
imidazole
20. Sucoinimide --- --- a a
Continued
AMINE IB] /M kT/s-1 kTB (M-1s-1)
(Average)
kTg(M“ ’'s“ ^) 
(DMS.O)
21. Pyrrolidine 
(Tetramethyl- 
eneimine)
0.1377
0.1077
0.07509
0.03933
1.93x10-5 
1.52 "
1.05 " 
0.57 "
(1.41+0. O D x l Q - 1* 1.33x10-3
22. Piperidine
(Pentamethyl-
eneimine)
0.2947
0.2623
0.2273
0.1895
5.07x10-6
4.96 " 
4.21 " 
3.45 "
(1.82±0.05)x 10-5 4.25X10-1*
23. Hexamethyl- 
eneimine
0.1339 
0.1202 
0.1052 
0.08859
4.82x10-6 
4.82 " 
3.77 " 
5.36 "
(3.80i0.26)x10-5 5.53x10-^
24. Heptamethyl- 
eneimine
0.08413
0.07554
0.06610
0.05566
2.10x10-6 
1.90 "
1.67 " 
1.42 "
(2.52+0.01)x10-5 2.01x10-lt
25. Morpholine 0.3276
0.2941
0.2574
0.2167
3.64x10-7 
3.26 " 
2.91 " 
2.38 »
(1.11±0.01)x10-6 2.66x10-5
Continued
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AMINE [B ] /M kT/s_1 k^B(M~'*s“ '') 
(Average)
kTB (M_1s-1)
(DMSO)
26. 3>5-Dimethyl- 
1,2,4-triazole
27. 1,1,3,3-Tetra- 
methylguanidine
2 . 0 0 x 1 0 - 4
28. N,N-Diphenyl- 
guanidine
1.34x10-5
29. 3,3,6,9,9-Pent- 0.01834 7.17x10-5 
amethyl-2,10- 0.01407 5.75 "
diazabyclo - 
[4.4.0] - 
dec-1-en
(4.00±0.09) x 10-3 5 . 5 6 x 10-3
30. Triethylamine 0.2776 4.25x10-6
0.2414 3.84 "
0.1461 2.16 "
0.08166 1.23 "
(1.52+0.03) x 10-5 2 . 5 8 x 10-5
31. Tri-n-propyl- 
amine
1.29x10-5
32. Triphenylamine
33. Tribenzylamine
Continued
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AMINE [B] /M k ^ / s ^ ' k V M - 1 S-1)
(Average) ( DMSO) ■
34. Pyridine --- --- a a
35. 2-Methyl- --- --- a a
pyridine
36. N-Methyl- 
pyrrolidine
0.1861 
0.1671 
0.1462 
0.1231
7.61x10-6
6.91 " 
5.79 ,f 
5.17 ,r
(4.09i0.07)x10-5 6.19x10-5
37. Hexamethyl- --- --- a a
enetetramine
38. Triethanolamine 0.2862 
0.2570 
0.2249 .
0.1893
1.55x10-6 
1.40 " 
1.21 " 
0.99 "
(5.37t0.09)x10-6 9.74x10-6
39. 1,2,2,6,6, 
Pentamethyl- 
piperidine
0.09552
0.08577
0.07505
0.06320
2.51x10-7 
2.31 ,f 
1.88 » 
1.71 "
(2.63-0.07) x 10-6 4.23x10-6
40*1j^-Diazabicyclo 
[2.2.2 ] octane
-------- --- - ---- 5.19x10-4
Continued
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AMINE [B ] /M kT/s“ 1 k T g (M ” 1 s ~ 1 )
(Average)
kTB(M“ 1s-1) 
(DMSO)
41. 1,8-Diazabi- 
cyclo-[ 5.4.0] 
undec-7-ene
0.02515 12.07x10-5 
0.02142 10.30 
0.01753 8.36 "
0.01345 6.85 "
(4.87±0.14)x 10-3 8.45x10-3
42. 1,5-Diazabi- 
cyclo-[ 4.3.0] 
non-5-ene
0.02453 4.54x10-5 
0.02007 3.77 "
0.01540 2.76 ».
0.01051 1 .99 !t
(1 •85±0.03)x .10-3 5.31x 10-3
43. 1,8-Bis-
(diethylamino)- 
2,7-dimethoxy- 
naphthalene
44. 1,2-Diamino- 
ethane
0.3353 3 .01x 10-6
0.2823 2.52 "
0.1749 1.67 "
0.1219 1.20 "
(9-31i0,36)x10-6 2.99x 10-4
45. 1,2-Diamino- 
propane
46. 1,3-Diamino- 
propane
0.2926 4.04x10-6
0.2560 3.58 »
0.2156 2.95 "
0.1707 2.37 M
2.00x10-4
(1.38±0.01)x 10-5 4.82x10-4
Continued
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AMINE [B] /M kT/s-1 kTg(M“1 s-1)
(Average)
kTB (M-1s - 1)
(DMSO)
47. 1,4-Diamino- 
butane
0.2998 4.47x10-6
0.2692 4.25 
0.2355 3.53
0.1983 2.99
(1.52+0.03)x10-5 4.22x10-^
48. 1,5-Diamino- 
pentane
0.2334 1.82x10-6
0.2095 1 .65 ff
0.1834 1.36 "
0.1544 1.21 "
(7.74±0.08)x10-6 3.33x 10-**
49. Carbamide 
(Urea)
50. 1,4-Diamino- 
anthraquinone
51. N,N,N,N-Tetra- 
methylethylene- 
diamine
2.07x10-5
a no detritiation which is equivalent to saying that 
kT < 5 x 10-9 s-1
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constants k ^ g - C ^ ^ / l ) could be quoted to - 3 - 5$.
3.3. RESULTS
Table 3.1. contains a summ a r y  of the experimental results 
obtained for the amine-catalysed detritiation of acetophenone in 
acetonitrile at 50.0OC. The results for catalysis by 6 amines in 
7 solvents are given in Table 3.2.
3.4.' DISCUSSION
Of the 51 amines studied some 29 were sufficiently basic so 
as to induce measurable exchange and hence make it possible to 
obtain second-order rate constants kTB (Table 3.1). In all these 
cases the r e a c t i o n s  w e r e  s t r i c t l y  f i r s t - o r d e r  in a m i n e  
concentration.
As suitable pKgB+ values are not available for the amines in 
acetonitrile the best way to assess the data is to compare the 
second-order rate constants in acetonitrile with those obtained 
in (chapter 2) in dimethyl sulphoxide (Figure 3.3.). On a log- 
log plot some 25 amines form a good linear relationship extending 
over more than 5 log units (in acetonitrile), with a slope of 
0.63. In other words the reaction is more sensitive to changes 
in basicity in acetonitrile than in dimethyl sulphoxide.
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Interestingly the four bases that deviate strongly from the 
linear relationship (3 0 ,36,38 and 39> are all tertiary amines 
containing no exchangeable hydrogens. It is tempting to draw a 
straight line through these points and extend it to include the 
only two other tertiary amines (41 and 42) studied which gave 
convenient rate constants.
The only other study of this kind refers to the detritiation 
of [2 - 3 H ] - die thy l m a l o n a  te by h e t e r o c y c l i c  b a s e s  in
tetrahydrofuran. As pointed out there the reaction m e c h a n i s m  
must differ from that which operates in hydroxylic media (leading 
to regeneration of base and unlabelled carbon acid) e.g.
RT + OH- ------—  R- + THO
R- + H20  RH + OH”
since solvents such as tetrahydrofuran contain no exchangeable 
hydrogen. This was why it was found necessary to add a trace 
(0.01 % v/v) of trifluoroacetic acid to the reaction medium, so 
that it can act as a proton donor towards the carbanion formed
RT + B -----------R“ + BT+
R~ + CF3COOH »  RH + CF3COO
CF 3 COO*” + BT+ ^  CF 3 COOT + B
In the present investigation the -NH2 and ^ N H  groups can 
act both as the base and source of exchangeable hydrogens but in
(3.5)
(3.6)
(3.7)
(3.3)
(3.4)
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TABLE 3>2.
SECOND -  ORDER RATE CONSTANTS (kTB>M"1s-1)
FOR THE AMINE-CATALYSED DETRITIATION OF ACETOPHENONE 
IN VARIOUS SOLVENTS AT 50°C
BASE DMSO AN HMPT NMP DMF SL THF
1. n-Propylamine 1.0* 1 .Ob 1 .03 1 .Od 1.0® 1.0^ 1 .0®
2. n-Butylamine 1.62 1.37 1.74 0.87 1.37 1.43 2.49
3. Benzylamine 0.22 0.064 0.41 0.23 0.19 0.25 0.30
4. 4-Chlorobenzyl- 0.066 0.026 0.12 0.059 0.086 0.061 0.05
amine
5. 4-Methylbenzyl- 0.25 0.17 0.38 0.072 0.47 0.63 0 *56
amine
6. 1,8-Diazabicyclo- 
[5.4.0]-undec-7-ene
65.0 1476 23.7 93.7 121 181 952
a = 1.30 x 10-^ b = 3-30 X 10-6 c = 1.04 x 10"1*
d = 3.04 x 10-5 e = 2.85 X 10-5 f = 2.32 x 10-5
g = 3-98 X 10"7
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the case of tertiary the latter is missing. Trace a m o u n t s  of 
water which may be present in the solvent m ay be sufficient. 
After all the concentration of the tritiated carbon acid is 
probably less than 10-10M-.
In aqueous conditions/amines can react with ketones to form 
Schiff base intermediates and this can be the hyd r o g e n  isotope 
exchange mechanism 11 but there is no evidence to show that this
0 D+ + NDR -H+ NDR
U  _  \\ \
C6H5 -C - CH3 +- RND2 “^ Z Z T  C6H5 C-CH3  CgH5 - C = CH2 ••(■3.8)
0
II
C5H5C-CH2D
d 2o
mechanism operates under the present experimental conditions.
The results in Table 3-2- for six amine bases in seven 
different solvents show that the reactions follow the order (a) 
DMSO >  HMPT >  NMP >  DMF > SL > AN >  THF although the diffe r e n c e s  
between NMP, DMF and SL are very small and (b) 1,8 - diazabicyclo 
[5.4-0 ] undec-7-ene»n-butylamine >  n-propylamine >  4-methylbenzyl- 
amine/^benzylamine> 4-chlorobenzylamine except that the order for 
n-butylamine and n-propylamine is reversed in NMP. Clea r l y  
acetonitrile is the solvent in which the difference in rates are 
most pronounced.
- 105 -
m e chanism is c o m m o n  to all of them. More detailed e xamination 
will only be warranted when the necessary thermochemical and 
enthalpies of activation are available.
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CHAPTER FOUR
CATALYSIS BY POLYMERS
4.1. INTRODUCTION
4.2. EXPERIMENTAL
4.3. RESULTS
4.4. DISCUSSION 
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4.1. INTRODUCTION
In previous chapters we have shown (a) how hydrogen exchange
t t
reactions can be studied in a n umber on non-aqueous media, (b) 
h o w  a m i n e s  c a n  c a t a l y s e  t h e s e  r e a c t i o n s  a n d  (c) h o w  
i n t r a m o l e c u l a r  catalysis c an be i m p o r t a n t  u n d e r  c e r t a i n  
circumstances. All these aspects are related to one of the most 
important questions in the general area of organic reactivity, 
namely how can we create conditions in which the catalyst becomesas 
e x t r e m e l y  e f f i c i e n t  as e n z y m e s . ’' The l a t t e r  are l a r g e  
macromolecules which owe their catalytic ability to the fact that 
they bind with the reactant in such a way that it is very easy 
for the reaction to take place. Although there are a large 
number of enzymes available the number of functional groups that 
they employ are relatively few e.g. - C00H,-NH2, imidazole. In 
v i e w  of this it w o u l d  s e e m  r e a s o n a b l e  to i n v e s t i g a t e  the 
possibility of using polymers as catalysts for simple- isotope 
hydrogen exchange reactions. The main r e q u i r e m e n t s  of the 
polymers are that (a) they contain an appropriate basic group 
such as for example, amino, (b) that they be sufficiently soluble 
in a variety of solvents and (c) that they can be s t r u c t u r a l l y  
modified without too much difficulty. Together these three 
requirements are fairly demanding. There is however one class of 
polymer, p o l y ethyleneimine where these are co m b i n e d  and it is 
these that have been mainly used in the present study.
Polyethyleneimine polymers (PEI) are commercially available2 
in a range of average molecular weights varying from 600-60 000.
- 109 -
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is a polyethyleneimine with an average molecular weight of 18000.
Although the structure of PEI can be linear such as
------- [ -NH-CH2-CH2 -] n -------
or branched such as
  [ -N-CH2_ch2-NH-CH2 -CH2-} n -----
ch2-c h2-NH-CH2-CH2-n h2
The commercially available polymers are known to be highly
branched with approximately 25? of the nitrogen present as •
3
primary amine, 50? secondary amine and 25? tertiary amine .
The imidazole ring has been implicated in the active sites
of m a n y  e n z y m e s  e.g. C h y m o t r y p s i n . 4 The p o l y m e r  
polyvinylimidazole (PVI).is therefore also of interest. It's 
structure is as follows:-
 [ -CH-CH2-1 n -------
6A third polymer polyvinylpyrrolidone (PVP) with the structure
 [ -CH-CH,- ] n -----
which is also soluble in many solvents was also used.
Despite the present potential for using macromolecules such
“ 110 -
as. t h o s e  .described a b o v e  for s t u d y i n g  v a r i o u s  a s p e c t s  of 
catalysis very little work seems to have been done. One of‘ the 
main contributors has been Hine5-8 w ho with his students has 
s t u d i e d  i s o t o p i c  e x c h a n g e  of the o < - h y d r o g e n  in [ 2 - 2 h *|] —
isobutyraldehyde and also hydrogen isotope exchange in[2Hg] - 
acetone using diamines and to-alkanoic acids. The effects on the 
rates of changing the m olecular weight of PEI has also been 
studied. The poly m e r  was found to be 12-36 times as effective as 
the low molecular weight models.
9 - 1 2
The other prominent worker is Klotz who with his
students has prepared a nu m b e r  of alkyl and acyl d e r ivatives of 
PEI in order to study their effectiveness as catalysts in 
hydrolysis reactions. This work shows that some very large 
accelerations in rates can occur e.g. when the amine groups are 
acylated with lauroyl chloride.
The w o r k  c a r r i e d  out in this c h a p t e r  r e f e r s  to the
detritiation of* three very similar ketones
u * ? CH3 //°
^  x 0CH3
Acetophenone 2,6-dimethoxy-
acetophenone
0
II
cx -phenyl- 
acetophenone
the main difference being the degree of steric hindrance of the 
ionising C-T bond. Their detritiation was studied in the
- H i  -
presence of the above-mentioned polymers in different solvents. 
In this way we could study (a) whether steric hindrance is 
important, (b) whether the molecular weight of the polymer is an 
important consideration and (c) whether the solvent plays an 
important part in these reactions.
4.2. EXPERIMENTAL 
Materials
The solvents used in the present work were purified as 
described in Chapter 2. The polymers were purchased commercially 
and stock solutions made up by weight. ' The tritiated ketones 
were prepared as described in Chapter 2; nmr analysis showed
that the label had been incorporated specifically into the acetyl 
group.
Kinetic Procedure
These were as reported in Chapters 1 (p.33) and 2 (p.65). 
Kinetic runs were normally duplicated, the agreement in the 
first-order rate constants being! 3—5%.
4.3. RESULTS
The results were summarised in Tables 4.1.-4.9. and figures
4.1. - 4.4.
4.4. DISCUSSION
The results in Table 4.1. show that for PVP polymer water
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TABLE 4.3.
DETRITIATION OF ACETOPHENONE'IN WATER 
CONTAINING POLYETHYLENEIMINE (M = 1500.0)
Cone, (g/1) 10V  (s-1)
1. 166.70 7.35
2. 110.42. 10.99
3. 125.03 9. 7^
4. 83.35 7.80
5. 55.57 4.42
6. 27.78 2.03
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and d i m e t h y l  s u p h o x i d e  are the best s o l v e n t s .  At l o w  
concentrations of polymer the reactions are first-order, in 
polymer concentration but the rate constants levels off at the 
highest concentrations.
For p o l y v i n y l i m i d a z o l e  (PVI) the reaction is -a good deal 
faster in water than in the other solvents employed but the rates 
in these solvents vary within narrow limits (Table 4.2.).
When the detritiation of acetophenone is catalysed by PEI- 
150 in water we again find that the reaction is first-order with 
respect to polymers at low concentrations (Table 4.3. and Figure
4.1.). At the higher concentrations the "saturation effect" once 
again is observed and the first-order rate constant actually goes 
through a maximum. The reaction is now much faster than for the 
other two polymers (PVP,PVI) and this is also true w h e n  other 
solvents are used (Table 4.4.).
The results in Tables 4.4., 4.5., 4.6. and 4.7. :*allow us to 
see the effect of polymer molecular weight on the rates of 
detritiation. If we take the results for dimethyl sulphoxide we 
see (Figure 4.2.) that the differences are very small at the 
lowest concentrations. At the highest concentrations employed it 
does seem as if the polymers with the highest m o l e c u l a r  weight 
(PEI-600)' is the most effective .although the differences are not 
large. Similar findings are observed for the other solvents. In 
no case is there any evidence for a rate maximum as was observed
DETRITIATION OF ACETOPHENONE CATALYSED BY PEI-150 IN WATER*
POLYMER CONCENTRATION
(gram/litre)
100 150
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POLYMERS OF DIFFERENT MOLECULAR WEIGHT IN DIMETHYL SULPHOXIDE.
X10 k1 ©  PEI-12 
X PEI-18
□  PEI-150 
<3> PEI-600
0 "
POLYMER CONCENTRATION 
(gram/litre)
200 400
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in ' ' water as solvent .
The next experiments were designed to see whether the 
behaviour witnessed for acetophenone was characteristic of other 
carbon acids, particularly those in which the bond undergoing 
ionisation is not assessible. The results for 2,6-dimethoxy- 
acetophenone (Table 4.8. and Figure 4.3.) show that the rates of 
detritiation are now much more sensitive to the molecular weight 
of the polymer, the higher molecular weight polymer being the 
most effective catalyst. The difference in catalytic behaviour 
becomes more pronounced at the higher concentrations. The same 
kind of behaviour is witnessed when dimethyl sulphoxide is 
replaced by N,N-dimethylformamide as solvent, (Table 4.8.).
The results for (X-phenylacetophenone (Table 4.9. and.Figure
4.4.) show a much clearer trend with PEI— 18 now being by far the 
most reactive polymer. This substrate is more reactive than the 
two other k e t o n e s  used in this study so that m u c h  l o w e r  
concentrations of polymer were necessary. It is therefore very 
s u r p r i s i n g  to see such s p e c i f i c  e f f e c t s  at these low 
concentrations, an effect that is obviously present when dimethyl 
sulphoxide is replaced bu N,N-dimethylformamide as solvent.
The results of the present investigation have shown that for 
the reaction between a ketone and an amine which itself is part 
of a polymer there is nothing much to be gained in going from 
water to dipolar aprotic solvents - indeed water is preferable.
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DETRITIATION OF 2,6-DIMETHOXYACETOPHENONE CATALYSED BY 
POLYETHYLENEIMINE POLYMERS OF DIFFERENT MOLECULAR WEIGHT 
IN DIMETHYL SULPHOXIDE.
O  PEI - 600
30 -
POLYMER CONCENTRATION 
(gram/litre)
200100 300 400 500
124 -
500 f x1Cp
POLYETHYLENEIMINE P O L Y M E R S  OF D I FFERENT
MOLECULAR WEIGHT IN DIMETHYL SULPHOXIDE
400 -
300 +
200 ■
100
POLYMER CONCENTRATION 
(gram/litre)
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DETRITIATION OF 2,6-DIMETHOXY [ 3H ] - ACETOPHENONE AT.50.0°C 
IN DIMETHYL SULPHOXIDE (DMSO) AND N,N - DIMETHYLFORMAMIDE (DMF)
CONTAINING POLYETHYLENEIMINES.
Polymer Cone. 
(g/1)
DMSO
kT
(s-1)
Cone. 
( g / D
DMF
kT'
(a-1 )
1. PEI-600 451.62 1.07x10-3 488.26 6.33x10~4
374.69 7.59x10“4 402.18 4.31x10-4
280.08 4.33x10“4 292.96 2.52x10-4
216.65 2.64x10“4 241.31 1.68x10-4
149.88 1.51x10-4 97.65 5.29x10-5
112.03 9.28x10-5 80.44
2. PEI-150 533.60 1.09x10-3 491.08 5.08x10~4
408.90 6.40x10"4 408. 10 3.41X10"4
268.78 3.54x10"4 326.48 2.25x10~4
213.44 2.47x 10~4 244.86 1.41x10-4
163.56 2.04x10“4 196.43 1.1 1 x 1O -4
107.51 9.80x10-5 98.22 5.31x10-5
3. PEI-18 486.32 4.90x10-4 521.02 3.03x10~4
411.26 4.07x10-4 399.01 2.15x10-4
304.66 3.07x10-4 312.01 1 .41x 10-4
194.53 2.00x10-4 239.41 9.81x10-5
164.50 1.70x10“4 104.21 4.05x10” ^
121.86 1.11x10-4 79.80 3.07x10*5
- 126 -
A  ^ «✓
DETRITIATION OF oc-PHENYL- [ ] - ACETOPHENONE AT 50.0°C IN
DIMETHYL SULPHOXIDE (DMSO) AND N,N - DIMETHYLFORMAMIDE 
(DMF) CONTAINING POLYETHYLENEIMINES
Polymer Cono. 
(g/1)
DMSO
kT
(s“ 1)
Cone. 
( g / D
DMF
kT
(s-1 )
1. PEI 600 11.3448 2.69x10"3 20.1600 2.07x10-3
8.1248 2.15x10-3 15.2680 2.05x10-3
5.6724 1.59x10-3 10.2630 1 .43x10~3
3.2499 8.81X10-4 7.6340 9.95x10-4
1.6250 4.35x10“4 5.0400 6.82x10"4
0.9076 2.92x10“4 2.5658 3.92x10~4
2. PEI 150 11.4379 3.67x10-3 12.2030 2.00x10"3
7.4338 2.58x10-3 10.0030 1.68x10-3
5.7190 2.02x10-3 8.0360 1.41x 10“ 3
2.9735 1.07x10-3 6.1015 1.14x10-3
1.4868 5.98x10-4 4.0180 7.61X10"4
0.9150 3.67x10“4 2.5008 5.20X10-4
3. PEI 18 4.8020 5.50x10-3 9.8688 6.59x10-3
3.7524 4.65x10-3 8.1820 5.46x10-3
2.4010 3.28x10-3 7.0823 4.84x10-3
0.7505 1.19x10-3 4.9344 3.56x10-3
0.4802 7.55x10“4 3-5412 2.56x10-3
— ■ - 2.0455 1.51x10-3
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The results have shown that the molecular weight of the polymer 
can be an important consideration, especially when the polymer is 
e m p l o y e d  at low c o n c e n t r a t i o n s ,  (2-12 g/1). It w o u l d  be 
interesting to see what kind of behaviour would be witnessed in a 
carbon acid containing an acetyl group as part of a large 
aromatic framework. This is an area which offers conside r a b l e  
scope and which at present, has not been extensively studied.
-  128 -
REFERENCES
1. W.P. Jencks, "Catalysis in Chemistry and Enzymology", McGraw- 
Hill, 1969.
2. H.F. Mark, N.M. Bikales, C.G.Overberger and G. Mengers, 
"Encyclopedia of Polymer Science and Engineering", 2nd 
Ed.,Vol 1, John Wiely and Sons, 1985.
3. P.Molyneux, "Water-Soluble Synthetic Polymers: Properties and 
Behaviour", Vol 1, CRC Press Inc, 1983.
4. M.L. Bender, F.J. Kezdy and C.R. Gunter, J.Amer.Chem.Soc.,
86> 3714, (1964).
5. J.Hine, B.C.Menon,J.Mulders, and R.L.Flachskam,Jr., J.Org. 
Chem., 34, 4083, (1969).
6. J.Hine, J.L.Lynn, Jr.,J.H.Jensen and F.C. Schmalstieg,
J.Amer. Chem.Soc,£5, 1577, (1973).
7. J.Hine, F.E. Rogers, and R.E.Notari , J.Amer .Chem.Soc., 90,
3279, (1968).
8. J.Hine, E.F.Gold, R.E.Notari, F.E.Royers, and
F.C.Schmalstieg, J.Amer.Chem.Soc, £5,2537, (1973).
9. I.M.Klotz, G.R.Royer, and I.S.Scarpa, Proc.Natl.Acad.Sci. 
U.S.A., 68, 263, (1971)*
10. M.Nango, H.Kozuka, Y.Kimura, N.Kuroki, Y. Ihara, and I.M. 
Klotz, J.Polym.Sci, Poly .Lett.Ed. ,J_8, 647, (1980).
11. M.Nango and I.M.Klotz, J.Polym.Sci., Polym.Chem.Ed., 16,
1265, (1978)* —
12. J.Suh and I.M.Klotz,J.Amer.Chem.Soc., 106, 163, (1984)-
_ 129 -
